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Abstract
Microphysical and dynamical interactions between aerosols and clouds are associated with some of
the largest uncertainties in projections of future climate. Many possible aerosol effects on clouds
have been suggested, but large uncertainties remain. In order to improve model projections of fu-
ture climate, it is essential that we improve our quantitative understanding of anthropogenic aerosol
effects. Several studies investigating interactions between satellite-observed aerosol and cloud prop-
erties have been published in recent years. However, the observed relationships are not necessarily
due to aerosol effects on clouds. They may be due to cloud and precipitation effects on aerosol, me-
teorological covariation, observational data errors or methodological errors. An analysis of method-
ological errors arising through climatological spatial gradients is performed. For region sizes larger
than 4° x 4°, commonly used in the literature, spurious spatial variations in retrieved cloud and
aerosol properties are found to introduce widespread significant errors to calculations of aerosol—
cloud relationships. Small scale analysis prior to error-weighted aggregation to larger region sizes is
recommended. Appropriate ways of quantifying relationships between aerosol optical depth (7) and
cloud properties are considered, and results are presented for three satellite datasets. There is much
disagreement in observed relationships between 7 and liquid cloud droplet number concentration
and between 7 and liquid cloud droplet effective radius, particularly over land. However, all three
satellite datasets are in agreement about strong positive relationships between 7 and cloud top height
and between 7 and cloud fraction (f.). Using reanalysis 7 data, which are less affected by retrieval
artifacts, it is suggested that a large part of the observed f.—7 signal may be due to cloud contamina-
tion of 7. General circulation model simulations further demonstrate that positive f.—7 relationships
may primarily arise due to covariation with relative humidity, and that negative f.—7 relationships
may arise due to scavenging of aerosol by precipitation. A new method of investigating the contribu-
tion of meteorological covariation to the observed relationships is introduced. Extratropical cyclone
storm-centric composites of retrieved aerosol and cloud properties are investigated. A storm-centric
description of the synoptics is found to be capable of explaining spurious f.—7 relationships, although

the spurious relationships explained are considerably smaller than observed relationships.
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Chapter 1

Introduction

1.1 Aerosols, clouds and climate

1.1.1 Atmospheric aerosols and cloud droplets

Atmospheric aerosols are solid or liquid particles suspended in the atmosphere, with diameters gen-
erally between a few nanometers and a few micrometers (Seinfeld and Pandis| [1998)). The Earth’s
atmosphere contains many different kinds of aerosols, of both anthropogenic and natural origin. Par-
ticular categories of aerosol which are considered to play an important role with regard to climate
are sulphate, organic carbon, black carbon, nitrate, mineral dust and sea-salt aerosols (e.g., Haywood

and Boucher, 2000)).

1.1.2 Direct and indirect aerosol effects on climate

The optical and microphysical properties of aerosols may give rise to several radiative effects in the
Earth’s atmosphere. Figure[I.I|contains a schematic illustrating some of these potential effects.

The direct aerosol effect refers to scattering and absorption of shortwave and longwave radiation
by atmospheric aerosols. The direct effect radiative perturbation due to a given aerosol is dependent
on the vertical distribution of the aerosol, the albedo (reflectivity) of the Earth’s surface beneath and
any clouds present (e.g. Haywood and Shine, |1995; [Stier et al., 2007). For example, for aerosols over
a surface with a high albedo, such as snow or cloud, any absorption by the aerosol may dominate
over scattering effects, leading to a net warming effect.

Heating due to the absorption of shortwave radiation by tropospheric aerosols can lead to in-

1



2 CHAPTER 1. INTRODUCTION
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Figure 1.1: Schematic diagram showing the various radiative mechanisms associated with cloud effects that
have been identified in relation to aerosols. The small black dots represent aerosol particles, the larger open
circles cloud droplets. Straight lines represent the incident and reflected solar radiation, and wavy lines repre-
sent terrestrial radiation. The unperturbed cloud contains larger cloud drops because only natural aerosols are
available as cloud condensation nuclei, while the perturbed cloud contains a greater number of smaller cloud
drops because both natural and anthropogenic aerosols are available as cloud condensation nuclei. The vertical
grey dashes represent rainfall, and LWC refers to liquid water content. [From Forster, P., Ramaswamy, V.,
Artaxo, P., Berntsen, T., Betts, R., Fahey, D. W., Haywood, J., Lean, J., Lowe, D. C., Myhre, G., Nganga, J.,
Prinn, R., Raga, G., Schultz, M., and Van Dorland, R.: Changes in Atmospheric Constituents and in Radiative
Forcing. In: Climate Change 2007: The Physical Science Basis. Contribution of Working Group 1 to the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge University Press,
2007, Figure 2.10. Reproduced with permission from the IPCC.]

creased temperatures in the aerosol layer, decreasing relative humidity and changing tropospheric
stability. This can significantly affect cloud lifetime, and is known as the semi-direct aerosol ef-
fect. For example, a modelling study showed that absorption of shortwave radiation by black carbon
aerosol can lead to an enhanced daytime clearing of trade cumulus clouds over the northern Indian

Ocean (Ackerman et al., [2000).

Indirect aerosol effects are the radiative effects which aerosols can have through microphysical
interactions with clouds. Many aerosols are effective cloud condensation nuclei. A strong correla-
tion between cloud condensation nuclei concentrations and aerosol optical depth has been observed
(Andreae, 2009). Increasing the aerosol concentration in a cloud can lead to increased numbers of
cloud condensation nuclei competing for water vapour which, in a cloud of constant liquid water
content, in turn leads to a greater number of smaller droplets. This increases the albedo of the cloud,
resulting in more shortwave radiation being reflected to space, and is referred to as the cloud albedo

effect (Twomey, 1974, 1977). The decrease in droplet size may subsequently suppress precipitation.
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The suppression of precipitation would enhance the retention of liquid water by the cloud, which may
subsequently increase the lifetime of the cloud, an effect known as the cloud lifetime effect (Albrecht,
1989). The cloud top height can also be affected (Pincus and Baker, |1994). Other indirect effects
have been suggested, such as the glaciation indirect effect, proposed by |Lohmann| (2002), whereby
black carbon aerosols act as effective ice nuclei and can therefore enhance precipitation.

A complex interplay between different aerosol effects and feedbacks may exist in any given real-
world situation. For example, Koren et al.|(2008) propose that for clouds in smoky conditions over the
Amazon, microphysical (indirect) aerosol effects dominate for low aerosol conditions and radiative
(semi-direct) aerosol effects on the clouds dominate in high aerosol conditions.

It is worth noting that most aerosols have a much shorter lifetime than greenhouse gases, and so
have a much stronger regional distribution and remain in the atmosphere for a much shorter period
of time. Since many aerosol species can lead to health problems (see e.g. Bell et al., 2004} | Kennedy,
2007), increasingly cleaner technologies are being employed in order to decrease aerosol emissions.
Indeed, European emissions of sulphur have decreased by 70 % since 1980, and European emissions
of oxides of nitrogen have decreased by 25-30 %, although emissions are currently increasing in
developing regions (Grennfelt and Hov, 2005). As aerosol precursor emissions stabilise and then
decrease, the atmospheric concentration of aerosols is also likely to stabilise and then decrease, due
to their short lifetime. Under these conditions, future warming due to the increasing greenhouse gas
concentrations will increasingly dominate over aerosol radiative effects (Andreae et al., 2005} Kiehl,
2007). Uncertainties in the size of aerosol radiative effects lead to uncertainties in the sensitivity of
the climate’s response to greenhouse gas forcing, because aerosol effects may currently offset much
of the warming due to greenhouse gases. In order to accurately forecast future warming trends, it is
therefore important to quantify the significance of aerosol effects in the present, and to reduce the

large uncertainty in the radiative forcing due to aerosols.

1.1.3 Radiative forcing, climate feedbacks and projection uncertainties

Radiative forcing due to a change in an external driver of climate change is defined as “the change in
net (down minus up) irradiance (solar plus longwave; in Wm~2) at the tropopause after allowing for
stratospheric temperatures to readjust to radiative equilibrium, but with surface and tropospheric tem-

peratures and state held fixed at unperturbed values” (Forster et al.,|2007). Positive radiative forcings
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Radiative forcing of climate between 1750 and 2005
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Figure 1.2: Summary of the principal components of the radiative forcing of climate change. The values
represent the forcings in 2005 relative to the start of the industrial era (about 1750). Human activities cause
significant changes in long-lived gases, ozone, water vapour, surface albedo, aerosols and contrails. The only
increase in natural forcing of any significance between 1750 and 2005 occurred in solar irradiance. The thin
black line attached to each coloured bar represents the range of uncertainty for the respective value. [From
Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D. W., Haywood, J., Lean, J., Lowe,
D. C, Myhre, G., Nganga, J., Prinn, R., Raga, G., Schultz, M., and Van Dorland, R.: Changes in Atmospheric
Constituents and in Radiative Forcing. In: Climate Change 2007: The Physical Science Basis. Contribution
of Working Group 1 to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change,
Cambridge University Press, 2007, FAQ 2.1 Figure 2. Reproduced with permission from the IPCC.]
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lead to a warming of the climate system. Significant forcings regularly considered in attribution stud-
ies are those caused by changes in the solar constant, greenhouse gas concentrations, tropospheric
sulphate aerosols and stratospheric volcanic aerosols (e.g. Stone et al.,|2007)). It is worth noting that
radiative forcing generally refers to the radiative effect of an anthropogenic driver or another external
driver, such as solar irradiance changes, between pre-industrial times and the present day. Natural
aerosol, such as sea-salt and mineral dust, may exert a radiative effect on the climate system but this
would not generally be considered a radiative forcing. Figure [I.2] summarises the climatic radiative
forcing components identified by |[Forster et al. (2007).

Many mechanisms act either to intensify or to oppose changes in the climate system. These effects
are known as climate feedbacks. For example, if a surface-air temperature increase in polar regions
reduces snow cover, the surface albedo will be reduced and less solar radiation will be reflected,
creating a positive feedback mechanism leading to a greater warming in these regions. Other major
climate feedbacks are those associated with clouds, water vapour, the lapse rate and the cryosphere
(Bony et al., 2006).

Climate feedbacks determine the climate response to a given radiative forcing, as the climate
system readjusts to radiative equilibrium. Early climate model studies suggested a linear relationship

between equilibrium surface temperature change (A7) and radiative forcing (A F):

AT = \AF (1.1

where A is the climate sensitivity parameter (Rotstayn and Penner, 2001). Although )\ is generally
considered to be independent of the specific forcing mechanism, it may not be completely indepen-
dent (Hansen and Nazarenko, 2004)). Further discussion about the use of radiative forcing, particu-
larly in relation to aerosol indirect effects, is provided by Haywood et al.| (2009).

As shown in Figure Forster et al.| (2007) estimate an aerosol direct effect radiative forcing
of —0.5 [—0.9 to —0.1] Wm™2 and a cloud albedo effect of —0.7 [—1.8 to —0.3] Wm™2. Due to
their interaction with the hydrological cycle, the other indirect effects and semi-direct effect are not
considered as radiative forcings by [Forster et al.| (2007). However, Lohmann and Feichter (2005)
estimate an effective cloud lifetime effect radiative forcing of —1.2 [—1.9 to —0.5] Wm™2, leading
to a total net anthropogenic radiative forcing of 0.4 [—0.3 to 2.4] Wm™2. As can be seen, there is a

large uncertainty in the total anthropogenic radiative forcing, and most of this uncertainty is due to
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uncertainties in the size of aerosol effects.

1.2 Observational tools

Observations play an integral role in helping us to improve our understanding of the highly complex
processes which occur in the atmosphere. They often highlight new avenues for investigation, form
the basis for scientific hypotheses, and act as the plumb line by which theories must be assessed. As
the physicist Richard Feynman famously said, “if it disagrees with experiment it is wrong” (Feynman,
2007). This applies as much to atmospheric science as it does to fundamental physics. Observations

help scientific research to remain rooted in reality.

Many observational datasets of the atmosphere exist. Some are produced using in situ surface,
ship and aircraft measurements, such as those gathered during the Variability of the American Mon-
soon System (VAMOS) Ocean—Cloud—Atmosphere—Land Study Regional Experiment (VOCALS-
REX) field campaign (Wood et al., 2007). Other datasets contain data that have been remotely sensed
from the surface, such as the aerosol data retrieved from the AErosol RObotic NETwork (AERONET)
(Holben et al., [1998]). Observational datasets retrieved from satellite data provide aerosol and cloud
data over large regional and global scales. These satellite datasets are widely used for aerosol-cloud

interaction studies.

1.2.1 Satellite platforms

Terra

Terra, also known as Earth Observing System (EOS) AM-1, was launched on 18" December 1999
and acts as a platform for a number of instruments: ASTER (Advanced Spaceborne Thermal Emis-
sion and Reflection Radiometer), CERES (Clouds and Earth’s Radiant Energy System), MISR (Mul-
tiangle Imaging SpectroRadiometer), MODIS (MODerate resolution Imaging Spectroradiometer)
and MOPITT (Measurements Of Pollution In The Troposphere) (NASA, 2009b). It is in a sun-

synchronous orbit with a 10:30 A.M. equatorial crossing time (Kaufman et al., 1998)).
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Envisat

Envisat, launched in March 2002, is in a sun-synchronous orbit with a southwards equatorial crossing
time of 10:00 A.M. (ESA,[2009). It carries ASAR (Advanced Synthetic Aperture Radar), MERIS
(Medium Resolution Imaging Spectrometer), AATSR (Advanced-Along Track Scanning Radiome-
ter), RA-2 (Radar Altimeter 2), GOMOS (a medium resolution spectrometer), MIPAS (Michel-
son Interferometer for Passive Atmospheric Sounding), SCIAMACHY (an imaging spectrometer),
DORIS (Doppler Orbitography and Radio-positioning Integrated by Satellite) and LRR (Laser Retro-

Reflector).

Aqua

Aqua, sometimes referred to by the pre-launch name EOS PM-1, was launched on 4" May 2002
(Parkinson, 2003). Like Terra, it has CERES and MODIS instruments onboard, in addition to
AIRS (Atmospheric Infrared Sounder), AMSR-E (Advanced Microwave Scanning Radiometer for
the Earth Observing System), AMSU-A (Advanced Microwave Sounding Unit-A) and HSB (Humid-
ity Sounder for Brazil). Aqua flies in a sun-synchronous orbit with a northwards equatorial crossing
time of 1:30 P.M.. It is the first member, with respect to both launch date and orbital position, of
the afternoon A-Train constellation of satellites (Figure [I.3). These satellites fly in close formation,
so there is potential to combine data from different instruments in order to produce improved data

products (e.g. Jeong and Hsu, [2008]).

PARASOL

Another member of the A-train, Polarization and Anisotropy of Reflectances for Atmospheric Sci-
ences coupled with Observations from a Lidar (PARASOL), was launched on 18" December 2004
(CNES! 2009b). It carries a POLDER (POLarization and Directionality of the Earth’s Reflectances)

instrument.

CloudSat

CloudSat, also part of the A-Train, was launched on 28th April 2006, and carries the first satellite

Cloud Profiling Radar (CPR) (Colorado State University, 2009).
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Figure 1.3: A graphic depicting the satellites that make up the A-train. [Graphic taken from NASA/ 2010.]

CALIPSO

The Cloud—Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite, another
part of the A-Train, was also launched on 28" April 2006 (CNES, 2009a). The payload consists of
CALIOQOP (Cloud-Aerosol Lldar with Orthogonal Polarization), IRR (Imaging Infrared Radiometer)
and WFC (Wide Field Camera), all co-aligned (NASA, |2009a).

1.2.2 Satellite instrumentation
ATSR, ATSR-2 and AATSR

The Along-Track Scanning Radiometer (ATSR) was launched on ERS-1; ATSR-2 is on ERS-2; the
Advanced Along-Track Scanning Radiometer (AATSR) is on Envisat (RAL, 2003). The primary
purpose of ATSR is to measure sea-surface temperatures (Mutlow, 1993). However, aerosol and

cloud retrievals also exist for these satellites (University of Oxford, 2009b).

MODIS

The MODerate resolution Imaging Spectroradiometer (MODIS) has 36 bands in the visible and in-
frared, with nadir resolutions of 250-1000 m, and has a cross track swath width of 2330 km (Barnes

et al.,|1998)). There are MODIS instruments on both Terra and Aqua. They provide complete global
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coverage every 1-2 days (NASA, 2009f). Terra-MODIS data from 24" February 2000 — present
and Aqua-MODIS data from 3 July 2002 — present are available (NASA, 2009¢). MODIS atmo-
spheric data products include aerosol and cloud properties, as well as water vapour (NASA, |2009¢).
MODIS also provides land data, such as vegetation indices (Huete et al.,|2002), and ocean data, such

as chlorophyll concentration (Esaias et al., 1998)).

MISR

The Multi-angle Imaging SpectroRadiometer (MISR), on Terra, images the Earth in nine different
view directions (Diner et al., [1998). It can provide cloud height data, in addition to other cloud and

aerosol properties (NASA, 2009d). The swath width is 360 km.

POLDER-1, POLDER-2 and PARASOL

The POLarization and Directionality of the Earth’s Reflectances (POLDER) instrument, designed
to measure polarized and directional reflected solar radiation, has a swath width of approximately
2200 km and a resolution of 6 x 7 km? (Deschamps et al., [1994). Measuring polarized and direc-
tional reflectances allows it to differentiate between radiation scattered in the atmosphere and that
reflected by the Earth’s surface, allowing improved observations of clouds, aerosols, the land surface
and oceans (CNES| 2009c)). Data are available from three POLDER instruments: POLDER-1, on
ADEQS-1, from November 1996 — June 1997; POLDER-2, on ADEOS-2, from April 2003 — Octo-
ber 2003; the third POLDER instrument, on PARASOL, from December 2004 onwards (Université

Lille 1, 2009). PARASOL is intended to observe clouds and aerosols (CNES| [2009b).

CloudSat CPR

The CloudSat Cloud Profiling Radar (CPR) operates at 94-GHz (3 mm wavelength), has a horizontal
footprint of 1.4 km x 3.5 km and has a vertical resolution of 250 m (Posselt et al., 2008)). It measures

several cloud parameters, and a cloud classification product is available.

CALIOP

The Cloud-Aerosol Lldar with Orthogonal Polarization (CALIOP), on CALIPSO, has been produc-

ing cloud and aerosol data since 2006, much of which has a horizontal resolution of 330 m and a
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vertical resolution of 30-60 m (Winker et al., 2007)).

1.2.3 Assessment of using satellite data for aerosol-cloud studies

In comparison to field campaigns, which provide datasets limited in both spatial and temporal extent,
satellite sensors can provide global datasets extending over several years. Although AERONET
releases aerosol data retrieved at many locations on Earth, the coverage is severely limited compared
with that of many satellite datasets. The large datasets offered by satellite instruments are invaluable
for statistical studies of the atmosphere and the processes which occur there.

However, satellites have a number of limitations. Cloud profiling radars, such as that onboard
CloudSat, and lidars, such as CALIOP, can provide vertically resolved cloud and aerosol data, but
they resolve only one horizontal dimension; radiometers, such as MODIS, often have large two-
dimensional horizontal coverage but generally have no vertical resolution when retrieving aerosol
and cloud properties. One limitation of particular interest here is that radiometers cannot retrieve
both aerosol and cloud properties simultaneously: if a pixel is identified as cloudy, a cloud retrieval
will be attempted; if a pixel is identified as cloud-free, an aerosol retrieval will be attempted. So ra-
diometer retrieved aerosol and cloud properties are rarely completely co-located horizontallyﬂ Also,
radiometer products rarely allow vertical co-location to be tested: retrieved cloud properties are often
that of the top of the highest layer of cloud and may not be representative of cloud below; retrieved
aerosol properties are often column averages or totals and do not provide information on the location
of the aerosol, which may be in defined layers.

Satellite data have the potential to provide an observational top-down constraint on relationships
between aerosol and cloud properties. However, if taken in isolation of model data, they do not
readily lend themselves to bottom-up process-based investigation. A discussion of modelling tools is

provided in Section [I.3]

1.2.4 Choice of satellite data

For large-scale statistical studies of aerosols and clouds, datasets providing extensive horizontal cov-

erage are highly desirable. Several satellite radiometers fulfill this criterion.

lBy using PARASOL data together with other data from the A-train, Waquet et al.| (2009) have demonstrated that it
may sometimes be possible to retrieve properties of aerosols above clouds.
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MODIS

MODIS data are available at two overpass times (Terra 10:30 A.M.; Aqua 1:30 P.M.), the data cover
several years, the spatial resolution is high and the swath is wide compared to many radiometers.
MODIS aerosol and cloud products have undergone several validation and comparison studies (e.g.
Remer et al., 2005; |Wu et al., [2009), and these products are commonly used in aerosol—cloud inter-
action studies (see Section[I.4). MODIS data are therefore used extensively in this research.

Due to the longer available time period, Terra-MODIS data are used in Chapter 2l However, in
order to match the overpass time sampling of the model data used in Chapter 3] the results presented
in Chapters use Aqua-MODIS data. Although it is not of direct relevance to the current work, it
is worth noting that data from other A-Train instruments could readily be used in combination with
Aqua-MODIS data in future projects. The choice between Terra and Aqua for the MODIS data in
this thesis should make little difference to the presented results. Although one published study has
sought to take advantage of the overpass time differences between Aqua-MODIS and Terra-MODIS

(Meskhidze et al., 2009), the differences between the datasets are generally quite small.

Several official MODIS Science Team Atmosphere irregularly gridded level 2 retrieved datasets
are available (NASA, 2009¢e.c). In Chapters E] and @, retrieved aerosol and cloud properties from the
MODIS Science Team Atmosphere Collection 5 Level 2 Joint Product are used (Remer et al., 2005
Platnick et al.,[2003)). The aerosol data are provided at approximately 10 km x 10 km and the cloud
data at 5 km x 5 km on an irregular instrument grid. As will be explained in Chapters [5|and[6] these
data will be regridded to a coordinate system centred on extratropical cyclones.

Regularly gridded 1° x 1° level 3 daily and monthly averaged versions of these aerosol and
cloud data are also available (Hubanks et al., 2008). In Chapters [2| and [3, MODIS Science Team
Atmosphere Collection 5 level 3 daily data are used. The advantage of the regular grid is that data
for large regions and time periods can be analysed much faster than when using considerably larger
volumes of higher resolution irregularly gridded level 2 data. It is commonly assumed that level 3
aerosol and cloud data for a given day and 1° x 1° grid box can be assumed to be co-located, since
aerosol properties far away from sources have significant autocorrelations at scales of order 1° and
one day (Anderson et al., 2003)). This assumption of co-location is used here.

In addition to the MODIS Science Team data mentioned above, an independent cloud retrieval

from the MODIS radiances has been produced by the CERES Team (Minnis et al., |2004). These
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CERES Team cloud data are released with MODIS Science Team Collection 4 aerosol data as part of
the CERES Single Scanner Footprint (SSF) Aqua and Terra level 2 products (NASA, 2011b). Much
of these data have been gridded to 2.5° x 2.5° daily level 3 data by Johannes Quaas (Quaas et al.,

2009). Some of these level 3 data are used in Chapter 3]

AATSR

The Global Retrieval of ATSR cloud Parameters and Evaluation (GRAPE) project (University of
Oxford, 2009a) is developing a retrieval scheme capable of retrieving aerosol and cloud parame-
ters from ATSR, ATSR-2 and AATSR data (Oxford-RAL Retrieval of Aerosols and Clouds, ORAC
University of Oxford, 2009b). Much of the retrieved aerosol data have been released as part of the
GlobAEROSOL project (Thomas et al., 2009). One distinguishing feature of the ORAC aerosol re-
trieval is that it uses a wind speed dependent sea-surface reflectance model (Sayer et al., 2010a).
GlobAEROSOL level 2 data are used alongside MODIS Science Team level 2 aerosol data in Chap-
ter [5) as an independent dataset. These GlIobAEROSOL level 2 aerosol data are provided at approxi-
mately 10 km x 10 km resolution on a sinusoidal grid.

In order to provide another satellite dataset independent of the MODIS Science Team and MODIS
CERES Team level 3 data, daily level 3 GlobAEROSOL and ORAC cloud data are used in Chapter 3]
The ORAC level 3 daily cloud data have been gridded by Chris Arnolcﬂ

1.2.5 Retrieved aerosol and cloud properties

Satellite radiometers observe radiances (or reflectances) over different wavelength bands. Retrievals
use inverse methods in an attempt to estimate physical properties of a scene using one or more
of the observed radiances. This normally involves simplified forward models which are used to
create lookup tables of the radiances which would be observed for a certain combination of physical
properties, such as liquid cloud droplet effective radius (r.) and cloud optical depth (7,; see section
on cloud properties below). Some optimal estimation retrievals, such as ORAC mentioned above,
incorporate prior estimates of the physical properties using Bayes’ theorem.

One example of a retrieval scheme is the MODIS Science Team cloud retrieval of optical and

microphysical properties described by [Platnick et al.| (2003). Overcast pixels with accompanying

2Chris Arnold, Atmospheric, Oceanic and Planetary Physics, Department of Physics, University of Oxford.
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thermodynamic phases are identified using a decision tree of cloud mask tests, infrared radiances,
near-infrared radiances and retrieved cloud top temperature data. For example, if a pixel is identified
as being overcast with liquid cloud, then a joint retieval of . and 7, is subsequently attempted. The
retrieval uses two wavelength bands: a water-absorbing band (1.6, 2.1 or 3.7 um), which is most
sensitive to particle size; and a non-absorbing band (0.86 um over ocean, 0.65 um over land and
1.2 um over ice/snow), which is most sensitive to cloud optical depth. The retrieval scheme includes
atmospheric corrections for the radiances and uses surface albedo information. The forward model
assumes a single plane-parallel cloud layer.

Many aerosol and cloud properties are retrieved using radiometer data. Generally, each pixel is
either flagged as cloudy or cloud-free. If a pixel is flagged as cloudy, then a cloud retrieval may be
attempted; if it is cloud-free, then an aerosol retrieval may be attempted. Some of the commonly
retrieved properties which are of particular interest when investigating aerosol—cloud interactions are

described below.

Aerosol properties

Aerosol optical depth (T) is the total extinction at a given wavelength due to aerosol in an atmospheric
column. The 7 data used in this project have been retrieved at a wavelength of 550 nm. If a pixel with
thin or broken cloud is mistakenly flagged as cloud-free, cloud contamination of the aerosol retrieval
may occur, leading to an overestimation of 7. Using MODIS, CALIPSO, AERONET and Micro-
Pulse Lidar Network data, Huang et al.| (2011) observed cirrus contamination of 7 over South-East
Asia. Also, three-dimensional (3D) scattering of light from nearby clouds may also cause unreliably
high 7 to be retrieved (Varnai and Marshak, [2009). A strong correlation between cloud condensation
nuclei concentration and aerosol optical depth 7 has been observed (Andreae, 2009). This suggests
that 7 can be used as a proxy for cloud condensation nuclei concentration.

Aerosol extinction, and hence also 7, often varies with wavelength A\ as \™“, where « is the

Angstr()'m exponent (Seinfeld and Pandis, [1998). Therefore, o can be calculated as

o _m (1.2)

where 7; and 7, are the aerosol optical depths retrieved at two different wavelengths A\; and A,

(Ignatov et al., |1998). The Angstrom exponent « is a good indicator of the size of the aerosol
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particles, with larger o corresponding to smaller particles (NASA, 201 1a).

Another indicator of aerosol size which is sometimes retrieved is the aerosol fine-mode fraction
(n), defined as the fraction of the total 7 for which fine-mode aerosol is responsible (Remer et al.,
2005). Larger values of 7 correspond to a greater proportion of small particles.

Although not a directly-retrieved quantity, aerosol index (Al) is often defined as
Al =T« (1.3)

(e.g.[Suzuki et al.,[2008). Like 7, A is a measure of aerosol load in an atmospheric column. Since
the size of the aerosol particles is taken into account via o, Al may provide a better measure of
aerosol number burden than 7 does (Nakajima et al., 2001). AI is therefore sometimes used as an

alternative proxy for cloud condensation nuclei concentration in aerosol—cloud interaction studies

(e.g.Breon et al., 2002; Suzuki et al., 2008} |Sorooshian et al., 2009, 2010).
Cloud properties

Liquid cloud droplet effective radius (r.) is defined as

B J° rarin(r)dr B IS rn(r)dr

N J° mr2n(r)dr N IS r2n(r)dr

(1.4)

Te

where 7 is liquid cloud droplet radius and n(r) is the cloud droplet size distribution (Hansen and
Travis, [1974; Nakajima and King|, [1990). Retrieved r. provides an estimate of the size of the droplets
near the top of liquid water clouds. Thin clouds are more likely to have unreliable 7. measurements,
and the retrieval may be less reliable when r, <4 um (Nakajima and King, 1990). Retrievals of r,
generally assume plane-parallel clouds, so are likely to be more reliable for stratus and stratocumulus
cloud fields than they are for broken cloud fields with more complicated 3-D geometry (Marshak
et al., 2006; Vant-Hull et al., 2007). Drizzle may also affect r. retrievals, although this effect appears
to be smaller than 3-D effects (Zinner et al.,|2010). Absorbing aerosol layers above cloud may lead to
biases in retrieved r. (Haywood et al.,|2004). Retrieved r. can be dependent on the wavelengths used
(Platnick, 2000; Zinner et al., 2010). |Bréon and Doutriaux-Boucher (2005) find a poor correlation
between MODIS and POLDER r, over land, with a better correlation over ocean, although MODIS

r. 1s generally higher.
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Liquid water path (w) is the total mass of liquid water in an atmospheric column. Assuming

vertically homogeneous 7., the MODIS retrieval calculates w as

W= 5 P1TcTe (15)

where 7, is the liquid cloud optical depth (see below) and p; is the density of liquid water (Plat-
nick, 2000). If linear growth of r. with height and constant cloud droplet number concentration
are assumed (see discussion of liquid cloud droplet number concentration below), then an adiabatic

correction should be applied (Wood and Hartmann, |2006)):

W= =P TeTe. (1.6)

Due to the linearity with r., much of the discussion of the reliability of r. above also applies here.
Seethala and Horvath (2010) found that adiabatically corrected MODIS r. agreed well with Ad-
vanced Microwave Scanning Radiometer-EOS (AMSR-E) w for scenes with a high cloud fraction.

However, disagreement was found in broken cloud scenes, most likely due to 3-D effects.

Cloud optical depth (7.) is the total extinction at a given wavelength due to cloud water (liquid,
ice or both) in an atmospheric column (Platnick et al., 2003). Retrievals of 7. may also be susceptible
to 3-D effects and sub-pixel heterogeneity (Varnai and Marshak, 2002). However, much of the bias
is cancelled when averaging over 50 km x 50 km areas, although some remains. Overlying absorbing

aerosol layers may lead to low biases in retrieved 7, (Haywood et al., 2004).

Cloud top pressure (p;op) s the average pressure at the top of all clouds (liquid and ice) in a given
region. Cloud top temperature (13,,) is the average temperature at the top of all clouds (liquid and
ice) in a given region. Both p;,, and T},, are good indicators of cloud top height. The heights of
many clouds are often slightly underestimated by radiometer retrievals, probably due to insufficient

correction for cloud transparency (Minnis et al., 2011 Sayer et al., 2011).

Cloud fraction (f,) is the total fractional cover of all clouds (liquid and ice) in a given region. It
is often calculated by counting the proportion of cloudy pixels (Platnick et al., 2003). It is therefore
dependent on resolution and cloud-flagging thresholds, making it difficult to compare absolute values

of f. between different datasets.
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Liquid cloud droplet number concentration

Although not a directly-retrieved quantity, liquid cloud droplet number concentration (Ny) is some-

times estimated using the adiabatic approximation:
1 _5
Nyg=~vyT1.27r. 2 (L.7)

where v = 1.37 x 107° m-z (Brenguier et al., 2000; Quaas et al., 2006) or v = 1.125 x 107° m~z
(Bennartz, 2007} (George and Wood, 2010), depending on assumptions about constants relating to
atmospheric conditions. A simplified derivation of this equation is provided in Appendix |Al Four

assumptions are made:

1. Liquid cloud water content, and hence mean liquid cloud droplet volume, both increase linearly
with height above the cloud base. This assumption of adiabaticity requires an absence of
both precipitation and entrainment. It has been observed to approximately hold for relatively
thin non-precipitating marine stratocumulus clouds (Pawlowska and Brenguier, |2000; Zuidema
et al.l, 2005). However, it is a far weaker assumption for many other types of clouds, including

most continental clouds which are often subadiabatic (Kim et al., 2005)).

2. Liquid cloud droplet number concentration is constant with height for any given cloud. In real-
ity, entrainment and scavenging by drizzle may cause N, to decrease with height (Pawlowska

and Brenguier, 2000).

3. Cloud droplet size distributions are such that r. = [ r,, where r, is the mean volume radius
(Equation[A.2)) and 3 is a constant which can be determined from in situ measurements (Martin
et al., [1994). This relationship was derived for stratocumulus clouds with little entrainment.
However, entrainment and scavenging by precipitation may not significantly affect the size
distribution (Pawlowska and Brenguier, 2000). The results of Martin et al.| (1994) give
values of 1.08 over ocean and 1.14 over land (Rotstayn and Liu, 2003)). In reality, cloud droplet
spectral dispersion and hence /5 may both increase with N;, with values of 5 up to 1.6 being
observed (Liu and Daum), 2002). It is worth noting that v o 3? (Equations and ,
so a 40% increase in 3 would lead to a doubling of N, derived from Equation However,

Brenguier et al.[(201 1)) find that although [ can be highly variable, it does not appear to increase
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with Nd.

4. Retrieved r. is representative of the true r. at the top of the cloud. A discussion about the
reliability of satellite-retrieved r. has already been provided above. It is worth noting that r. is

most reliable for homogeneous cloud fields, such as stratocumulus clouds.

It can be seen that Equation|1.7|is likely most suitable for non-precipitating stratocumulus cloud fields
with little entrainment. It has been shown to be in good agreement with aircraft-measured N, for
stratocumulus clouds in the Southeast Pacific with cloud fractions greater than 0.8 (Bretherton et al.,
2010). However, it may not be a good approximation for other cloud regimes. Further discussion
about the validity of Equation [1.7|is provided elsewhere (e.g.,|Kubar et al., 2009).

The N, data used in Chapters[2]and3|have been calculated by applying Equation to retrieved
liquid 7. and 7. data. The|Quaas et al.[(2006) value of v = 1.37x 107° m~2 is used. Following Quaas
et al. (2000), clouds with 7. <4 and r. < 4 um are excluded when calculating N;. Removing clouds
with 7. <4 implicitly removes clouds with small w in the calculation of N, (Equation [I.5). For
7. = 10 um, this corresponds to excluding clouds with w < 27 gm~2.

It is worth noting that the first three assumptions stated above are also used in the majority of
general circulation model (GCM) cloud microphysics parameterizations used for assessing the cloud
albedo effect. Discussions of this are provided in |Chen and Penner (2005) and Barahona and Nenes
(2007). Converting from satellite-retrieved 7. to N; using Equation is effectively the inverse of
how models convert N, to 7. using the adiabatic approximation, although different constants may be

used.

1.3 Modelling tools

1.3.1 General circulation models and parameterization uncertainties

Modern climate prediction, like weather forecasting, relies heavily on complex numerical models
used to simulate the Earth’s atmosphere-ocean system (Meehl et al., [2007). These so-called general
circulation models (GCMs) contain either a dynamic ocean, a dynamic atmosphere or both coupled
together. There are a number of state-of-the-art GCMs which are currently being used by different

research facilities around the world (see e.g. Table 8.1 of Randall et al., 2007)). Each model simulates
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physical processes slightly differently.

Many physical processes, such as cloud formation, occur on scales too small to be resolved by
GCMs, so these processes must be parameterized (e.g. |Arakawa, 2004). There is a wide range of
potentially valid parameter values that can be employed for a given GCM (Randall et al., [2007).
One technique that is regularly used in probabilistic climate forecasting is to run an experiment us-
ing several different GCMs, generating a multi-model ensemble (e.g. Lambert and Boer, [2001). An
alternative approach is to vary the values of parameters in a single model, testing different parame-
ter combinations, generating a perturbed physics ensemble (e.g. [Stainforth et al., 2005} Piani et al.,
2005). Unfortunately, generating even modest-sized ensembles for a given experiment can be com-
putationally expensive.

Climateprediction.net is a distributed computing project, using volunteers’ computers distributed
around the world to generate large perturbed physics ensembles for a number of climate experiments
(Stainforth et al., 2002). Using climateprediction.net data, Sanderson et al.| (2008b) find that the
response to greenhouse-gas forcing is dependent on two climate feedbacks largely regulated by two
parameters: the entrainment coefficient, associated with the cloud convection parametrization, and
the ice fall speed, which affects cloud cover and humidity. Much of the variation in climate sensitivity,
the equilibrium temperature response for a doubling of atmospheric carbon dioxide, also appears to
be due to parameters associated with clouds (Sanderson et al., [2008a).

Bony and Dufresne (2005) demonstrate that marine boundary layer clouds are a dominant source
of uncertainty in tropical cloud feedbacks in GCMs. A review by [Stephens| (2005)) highlights that
much of the uncertainty in model projections of climate change is due to cloud feedbacks in models.
Much work needs to be done in order to improve cloud parameterizations in GCMs, and hence

improve predictions of future climate.

1.3.2 Assessment of using general circulation models for aerosol-cloud studies

Many GCMs have aerosol and cloud modules which attempt to simulate aerosol indirect effects
(Penner et al., 2006). Unlike the real atmosphere, aerosol emissions and hence concentrations can
be artificially modified. Alternatively, it is often possible to switch GCM microphysics components
on or off. This can allow the physical reasons for relationships between aerosol and cloud properties

to be probed (e.g. Lohmann et al., 2006). Whereas satellite data can be used to provide a global
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top-down constraint on relationships between aerosol and cloud properties, GCMs can provide a
complementary bottom-up process-based investigation of these relationships, facilitating attribution

of observed relationships to physical processes.

1.3.3 Cloud-resolving models and large-eddy simulations

Due to the computational expense of running simulations on a global scale, GCMs cannot normally
be run at a high enough resolution to resolve cloud processes such as convection, so clouds must be
parametrized in GCMs. However, numerical models have been designed to explicitly simulate indi-
vidual clouds. Cloud-scale convection can be explicitly analysed and the effects of detailed micro-
physics schemes can be tested. Large-eddy simulations (LESs) are capable of resolving large-scale

turbulence but require small-scale turbulence to be parametrized (Jacobson, 2005).

1.3.4 Choice of modelling tools

In order to investigate interactions between aerosol and cloud properties on a large global scale, GCM
results, as opposed to cloud-resolving model results, are used alongside satellite data in this thesis.

The modelling tools used are briefly described below.

AeroCom indirect effects experiment GCM data

Aerosol and cloud top data output from a number of different GCMs during the Aerosol Comparisons
between Observations and Models (AeroCom) indirect effects intercomparison project (Quaas et al.,
2009) are used in Chapter[3] The contributing atmospheric GCMs are as follows: four different ver-
sions of Community Atmosphere Model (CAM); the ECHAMS GCM with the HAM aerosol scheme;
the Geophysical Fluid Dynamics Laboratory (GFDL) GCM; the Goddard Institute for Space Studies
(GISS) GCM,; the Hadley Centre Global Environmental Model (HadGEM); the LMDZ GCM with
the INCA aerosol scheme; the Spectral Radiation-Transport Model for Aerosol Species (SPRINT-
ARS) model. The cloud albedo effect and the cloud lifetime effect on stratiform liquid clouds are
parameterized. Aerosol effects on convection are not represented. Sea surface temperatures and sea-
ice cover are prescribed. The data used in Chapter 3| are from simulations with year 2000 aerosol and
precursor emissions and greenhouse gas concentrations. All data are provided at 2.5°x2.5° spatial

resolution and daily temporal resolution. All data are sampled at local times near 1:30 P.M., matching
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the overpass time of the Aqua satellite and hence the Aqua-MODIS instrument. The cloud data are
sampled at cloud top, as viewed from above. Further details are provided in (Quaas et al., [2009).

Only median results from this model ensemble are shown in Chapter 3]

ECMWF ERA-40 and ERA-Interim

The European Centre for Medium Range Weather Forecasts (ECMWF) provides global meteorolog-
ical reanalysis (ERA) data (ECMWEF, 2011a). Like weather forecast data, these data are output from
a GCM. Observations have been assimilated in order to provide an optimal estimation of the state of
the atmosphere at a given location and time. The ERA-40 project covers mid-1957 to 2001, while
the more recent ERA-Interim project covers 1979 to mid-2011 (at the time of writing).

ERA-Interim zonal and meridional components of the 10-metre wind, mean sea level pressure
and relative vorticity at 850 hPa are used in Chapters [5| and [6] ERA-Interim relative humidity at
850 hPa is also used in Chapter [5] ERA-40 data are used as the meteorological input for nudging
ECHAMS in Chapter 4]

MACC

The Monitoring Atmospheric Composition and Climate (MACC) project provides a reanalysis of
many aerosol and chemistry properties (MACC, 2011). Aerosol optical depth is assimilated from
satellite observations. As the time of writing, these data are currently available for 2003-2008
(ECMWE, 2011b). MACC reanalysis aerosol optical depth data are used alongside Aqua-MODIS
data in Chapter [5

ECHAMS-HAM

ECHAMS is an atmospheric GCM primarily developed at the Max Planck Institute for Meteorology
(Roeckner et al., 2003; Max Planck Institute for Meteorology, [2011). ECHAMS-HAM contains a
aerosol model, HAM, which contains prognostic modal aerosol populations, size-distributions and
compositions (Stier et al., 2005)). Advanced aerosol microphysics for sulphate, black carbon, partic-
ulate organic matter, sea salt and mineral dust are represented in HAM. This aerosol model has been
coupled to the cloud microphysics scheme in ECHAMS, allowing the cloud albedo and cloud lifetime

aerosol effects to be represented (Lohmann et al., 2007). Two cloud cover schemes are available: the
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Sundqvist scheme, parameterized using relative humidity as the only input (Sundqvist et al., [1989);
and the statistical Tompkins scheme, which uses a prognostic probability density function of water
vapour, considering processes such as convection, turbulence and microphysics (Tompkins, 2002).

ECHAMS5-HAM is used in Chapters 4] and [5]

1.4 Published aerosol-cloud interaction studies

Aerosol effects on clouds and their potential significance to the climate system are currently poorly
understood, as shown in Section [I.I] Much work needs to be done in order to improve our un-
derstanding of these effects. Several studies investigating interactions between observed cloud and
aerosol properties have been published in recent years. A brief survey of the findings of some of these
studies, categorised according to potential aerosol—cloud interactions and implications, is provided
below.

It is worth noting from the outset that an observed correlation between an aerosol property and
a cloud property may not necessarily be due to aerosol effects on the cloud. We explore potential

explanations for spurious correlations in Section|I.5]

1.4.1 Cloud albedo effect: Liquid cloud droplet number concentration and

liquid cloud droplet effective radius

Theoretical considerations predict that, for constant liquid water path (w), the cloud albedo effect

(E,) with respect to liquid cloud droplet effective radius (r.) can be written as

1
B~ Olnre (1.8)

Ot w

where 7 is the aerosol optical depth, assuming that 7 is a suitable proxy for cloud condensation
nuclei concentration (Feingold et al., [2001; |Andreael, 2009). The requirement of constant w can be
removed by instead considering the cloud albedo effect (£) with respect to cloud droplet number

concentration (/NV,) (Feingold et al., 2001; McComiskey et al., 2009ﬂ

dIn N,
Ey = a
dln7
3In fact, Equation is more fundamentally related to the conceptual cloud albedo effect than Equation

= 3E,. (1.9)
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The cloud albedo effect predicts that higher cloud condensation nuclei concentrations should lead to
higher N, and, for clouds of constant w, smaller r.. Since both 7 and aerosol index (Al) may be
suitable proxies for cloud condensation nuclei concentration, this suggests that higher 7 or Al may

lead to higher N, and lower r..

Many observational studies looking at the cloud albedo effect have been published. Quaas et al.
(2008) found that higher MODIS 7 is generally associated with higher CERES SSF N, for clouds
with a liquid water path w > 20 gm~2. Similarly, a surface remote sensing study has shown that, for
stratus clouds off the Californian coast, a positive correlation between /NV; and aerosol concentration
exists (McComiskey et al.,|2009). They consider different liquid water path (w) and spatial resolution

constraints.

Using POLDER monthly data, Bréon et al. (2002) observed a negative correlation between r,
and aerosol index (ATl). Selecting North Atlantic stratiform clouds, Kaufman et al. (2005) found a
negative correlation between MODIS gridded daily 7 and 7.. They performed a multiple regression
analysis to investigate the contribution of meteorology to this observed relationship. Using ATSR-2
data for different regions and seasons, Bulgin et al. (2008) generally observed negative correlations
between 7 and r. for clouds below 3 km, although positive correlations were also sometimes ob-
served. Kiran et al.| (2009) claimed that a decrease in 7. observed during break spells in the Indian
monsoon is due to an increase in aerosol transport to the continental tropical convergence zone dur-
ing the break spells. Using MODIS, AMSR-E and CERES data, L1 et al.| (2010) found a negative
relationship between r. and retrieved cloud condensation nuclei concentration for non-precipitating
clouds in the presence of Saharan dust aerosol. The strength of this relationship increased when the
data were further categorised by w. [Yuan et al. (2011b)) considered the special case of a Hawaiian vol-
cano which released a steady plume of sulphur dioxide in 2008. Accounting for potential orographic

effects, they found that an increase in sulphate aerosol appears to lead to a decrease in 7.

Satellite-observed aerosol and cloud may have different vertical distributions and may not actu-
ally interact. Using CALIPSO vertical profile data, Costantino and Bréon| (2010) found that a much
stronger correlation between PARASOL 7. and MODIS AI exists for mixed aerosol-cloud cases

than for non-mixed layers in the South-Eastern Atlantic stratocumulus region.

Aircraft in situ studies have the advantage that information about aerosol properties and cloud

properties can be gathered at the same location both horizontally and vertically. Positive correlations
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between aerosol concentration and /NV; have been observed for stratocumulus clouds (e.g. [Twohy
et al., 2005} Lu et al., 2007). Berg et al. (2011) conducted a flight study near Oklahoma City. They
used carbon monoxide (CO) concentration as a proxy for aerosol load. N; was found to increase
with both updraft velocity and CO concentration. 7. decreased with CO concentration.

Models are often used to complement observational data. |Suzuki et al.| (2008) showed that
negative correlations exist between r. and Al for different liquid water clouds in data produced
by NICAM-SPRINTARS (Nonhydrostatic Icosahedral Atmospheric Model - Spectral Radiation-
Transport Model for Aerosol Species), a global cloud resolving model with a horizontal resolution of
7km coupled with an aerosol transport model. They showed that these findings are consistent with
similar results observed in MODIS data. Menon et al.| (2008) compared aerosol-cloud relationships
observed in MODIS and CERES satellite data with those produced by the GISS (Goddard Institute
for Space Studies) GCM. They ran three GCM simulations: one with no aerosol microphysical ef-
fects on clouds; one with aerosol microphysical effects on low-level liquid clouds; one with winds
nudged to reanalysis data, in addition to the microphysical effects. They observed that r. decreases
with increasing 7 in the satellite data. A similar relationship, although weaker, was present in the data
from GCM runs which included aerosol-cloud microphysical effects. |Quaas et al.|(2009) showed that
data from ten GCMs (Section [I.3.4] AeroCom) produced positive relationships between 7 and Ny, in

general agreement with satellite data.

1.4.2 Cloud lifetime effect: Liquid water path and total cloud fraction

Conceptually, the cloud lifetime effect predicts that, due to the suppression of precipitation, a positive
correlation should exist between liquid water path (w) and 7. Increased cloud lifetime should also
lead to a positive correlation between total cloud fraction (f.) and 7. Although the cloud lifetime
effect is also associated with suppression of precipitation and cloud height, these are discussed later.

Using MODIS gridded daily mean data, Koren et al.| (2005) found a positive correlation between
f. and 7 for convective clouds over the North Atlantic Ocean. Similarly, [Kaufman et al.|(2005) (Sec-
tion found a positive f.—7 relationship for North Atlantic stratiform clouds. However, using
the ECHAM4 GCM and running a simulation with aerosol microphysical effects on clouds switched
off, Lohmann et al.| (2006) demonstrated that much of this increase in f. associated with high 7

conditions is not due to aerosol indirect effects and may be due to dynamical effects. Furthermore,
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Quaas et al. (2006) used ECHAMS-HAM to show that a large part of the f.-7 relationship may be
explainable by hygroscopic swelling of aerosols in high relative humidity condition (Section |1.5.3).
The study by Menon et al.|(2008)) (Section [I.4.1]) found that high 7 conditions correspond to high f,.
However, the nudged GISS GCM simulation results suggested that much of this correspondence may
be due to synoptic conditions. The Yuan et al. (2011b) study (Section|(1.4.1)) observed an increase in
trade wind cumulus f,. with the presence of volcanic sulphate aerosol.

Surprisingly, the study by [Suzuki et al.| (2008)) (see Section|1.4.1) suggested that w may decrease
slightly with increasing A, a relationship observed in both the MODIS and NICAM-SPRINTARS
data. This is inconsistent with the basic conceptual model of the cloud lifetime effect.

Using a single cloud model and LESs, Jiang et al. (2006)) found that aerosols may increase the
lifetime of shallow cumulus clouds. However, their study suggested that, in addition to suppressing
precipitation, smaller droplets can also lead to increased evaporation which would act to reduce the
lifetime of the cloud. In some situations, it is therefore possible that an inverse cloud lifetime effect

may sometimes occur.

1.4.3 Aerosol effects on precipitation and cloud top height

By modifying the cloud droplet size distribution, aerosols may have the potential to affect precipitation-
forming processes in clouds. Rosenfeld and Lensky| (1998) observed that precipitation-forming pro-
cesses appear to be different for marine and continental convective clouds, and that marine clouds
are modified as they move inland into more continental aerosol conditions. They also found that high
aerosol conditions, due to biomass burning and urban air pollution, can significantly suppress precip-
itation. Air pollution has been observed to completely inhibit precipitation in some cases (Rosenfeld,
2000).

Through the suppression of precipitation, it is possible that increasing aerosol concentrations may
allow convective clouds to grow to a greater cloud top height. [Koren et al.| (2005) (see Section[I.4.2))
found a negative correlation between cloud top pressure and 7 in the North Atlantic, providing evi-
dence in support of this theory. Combining chemical transport model 7 and meteorological reanalysis
data with MODIS data in an attempt to compensate for cloud contamination and meteorological co-
variation (Section , Koren et al. (2010) found that invigoration of deep convection over the

Atlantic by aerosols remained.
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An in situ aircraft study over the Amazon found that smoke aerosols decrease cloud droplet
sizes and suppress precipitation (Andreae et al., 2004). As a result, clouds could extend to greater
heights, transporting water, aerosols and latent heat higher in the atmosphere, leading to an increase
in thunderstorms and hail. [Rosenfeld et al. (2008) provided a similar conceptual model explaining
why increased cloud condensation nuclei concentrations can suppress precipitation in some clouds
but enhance convection and precipitation in other clouds. The findings of [Meskhidze et al. (2009),
who used Terra and Aqua MODIS data to look at morning—afternoon differences, support the theory

that aerosols may enhance convection over the Amazon.

Using a combination of MODIS, CloudSat and AMSR-E data alongside a cloud parcel model and
an LES, [Sorooshian et al. (2009) also found that precipitation decreases with increasing 7 for tropical
liquid clouds. Clouds with intermediate w appear most susceptible to suppression of precipitation
by aerosols. When w is low, there is little potential for rain regardless of aerosol availability; when
w 1s high, clouds are likely to precipitate anyway. By attempting to separate the aerosol-cloud
interaction and cloud—precipitation components, Sorooshian et al.| (2010) provided further evidence

for the proposed causal mechanism.

For the trade wind cumulus clouds investigated by |Yuan et al. (2011b) (Section , volcanic
sulphate aerosol appears to suppress precipitation. Using a satellite-based lightning detector, [Yuan
et al. (2011a) found that there is also some evidence to suggest that volcanic aerosol may also some-
times increase lightning occurrence through the enhancement of deep convection. However, the
increase in lightning occurrence may be due to electrification of ash which has been observed to be

charged at distances over 1200 km from a volcanic source (Harrison et al., 2010).

Many LES modelling experiments have been performed in order to investigate the effect of
aerosols on precipitation. However, there is little agreement between these studies, with both positive

and negative effects on precipitation being observed for different conditions (Khain, [2009).

Using an LES, [Feingold et al.| (2010) suggested that oscillations between open and closed cell
stratocumulus regimes may be modulated by aerosol effects on precipitation. The relationship be-
tween precipitation and cloud has been quantitatively compared to the analogous relationship be-

tween predator and prey populations in a biological system (Koren and Feingold, [2011)).
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1.4.4 Local aerosol effects with a global scope

Andreae et al. (2004) (see Section suggested that the suppression of precipitation in the Ama-
zon could affect the global circulation and water cycle. An ECHAM4 GCM study by Nober et al.
(2003) supports the idea that the suppression of precipitation and enhancement of convection by
aerosols can affect the global circulation.

Other mechanisms may exist by which aerosol effects could have a global scope. [Evan et al.
(2008)) used satellite observations and a simple model to investigate how aerosol changes have af-
fected cyclone development in the tropical Atlantic. They argued that a reduction in aerosol direct
radiative forcing would lead to higher sea-surface temperatures which could result in an increased
frequency of tropical cyclones. Since tropical cyclones probably play an important role in regulating
stratospheric humidity (Romps and Kuang, 2009), they may in turn affect climate and stratospheric
ozone (Shindell, [2001)).

A modelling study by [Wang|(2007) suggested that heating of the atmosphere via solar absorption
by black carbon aerosols may significantly affect large-scale tropical convection. Similarly, these
absorbing aerosols may also affect the Indian summer monsoon circulation (Wang et al., 2009).
These large-scale circulation impacts could have a significant impact on precipitation over large
regions of the globe. Using a GCM, Bollasina et al. (2011) suggest that an observed decrease in
Indian monsoonal rainfall is due to circulation changes induced by both aerosol direct and indirect

effects.

1.4.5 Relative humidity and the direct effect

Interactions between aerosols and clouds may also be indirectly contributing to underestimates of
direct aerosol radiative forcing. 7 has been observed to increase near clouds in both photometer
and MODIS data, although MODIS retrievals may not be accurate in such cases (Redemann et al.,
2009). This increase is most likely due to the hygroscopic swelling of aerosols (Seinfeld and Pan-
dis, [1998) in the high humidity environments near clouds. Koren et al.| (2007) argued that satellite
measurements of 7 are biased towards cloud-free environments, and these measurements are there-
fore unrepresentatively low because they do not include scenes where aerosols are hygroscopically
large in the high humidity environments near clouds. Using aircraft observations collected during the

Indian Ocean Experiment (INDOEX), [Twohy et al.| (2009) provided evidence that relative humidity
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effects on aerosols in the vicinity of clouds can lead to a 35-65 % enhancement in direct radiative
forcing. This follows an earlier modelling study by [Haywood et al.| (1997), who demonstrated that
sub-grid scale variability of relative humidity and cloud could lead to underestimation of the direct

radiative forcing due to sulphate aerosol in GCMs.

1.4.6 Dependence on specific conditions

Predicting how a cloud will respond to aerosol is complicated. |Cui et al.| (2006) conducted a study
using an axisymmetric model of a mixed phase convective cloud in low wind-shear continental con-
ditions and found that increasing aerosols led to stagnated cloud development, a lower cloud top,
weaker updrafts and suppressed precipitation. They mentioned that cloud response to aerosols ap-
pears heavily dependent on the type of cloud and conditions. Using a numerical model of convective
clouds, |Altaratz et al.| (2008) showed that aerosol effects are dependent on relative humidity con-
ditions. Jones et al. (2009), who used MODIS data together with reanalysis data, suggested that
synoptic conditions, aerosol type and the vertical location of an aerosol layer may be much more sig-
nificant factors than 7. Using MODIS satellite and SPRINTARS model data, L’Ecuyer et al.| (2009)
suggested that sulphate and sea-salt aerosols may have opposite effects on clouds: sulphate aerosol
can decrease precipitation and enhance vertical development, whereas sea-salt can increase precipi-
tation and suppress vertical development. This is probably because hydrophilic sea-salt can act as a

giant cloud condensation nucleus on which large droplets can grow.

1.5 Possible reasons for spurious aerosol-cloud relationships in

satellite data

Various relationships between aerosols and cloud properties have been observed in satellite data, and
many potential implications have been suggested in recent years. However, the observed relationships
are not necessarily due to causal relationships between aerosols and clouds. They may be due to

erroneous satellite data, spatiotemporal climatological factors and meteorological effects.
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1.5.1 Satellite data errors

Satellite datasets are not completely reliable (Section [1.2.5)). One potential problem of interest here
is that of cloud contamination of aerosol retrievals leading to overestimates of 7. This cloud contam-
ination is more likely in situations where there is thin or broken cloud. This has the potential to lead

to spurious positive relationships between 7 and f., as will be discussed in Chapter {4}

1.5.2 Spatiotemporal climatological gradient effects

Many regions of the world experience seasonal changes which may include pronounced seasonal cy-
cles of aerosol and cloud properties. Many studies already aim to remove this temporal climatological

factor by looking at individual seasons.

Similarly, different regions experience different climatological conditions. These spatially-varying
aerosol and cloud climatologies may also often contribute towards observed relationships between
aerosol and cloud properties. This may affect the results of many of the studies mentioned in Sec-
tion that analysed data on a relatively large regional scale: Breon et al.| (2002) conducted their
analysis on a global scale of 360°x105°; Kaufman et al.| (2005) and Koren et al.| (2005) used North
Atlantic regions of order 100°x25°; Bulgin et al.| (2008)) used regions of varying sizes, from 14°x8°
to 360°x105°; |Quaas et al.| (2008) used continental regions of order 100°x40°; [Koren et al. (2008))
used a 26°x19° region; Jones et al.[| (2009) used 10°x10° regions. Aerosol type, cloud regime and
synoptic regime climatologies may vary over such large-scale regions. If data are analysed for the
region as a whole, false correlations may be introduced. For example, Figure [T.4]illustrates a hy-
pothetical ocean region with two sub-regions: one characterised by low thin stratocumulus cloud
and biomass burning aerosol; the other, more remote, characterised by thicker fragmented cumulus
cloud and sea-salt aerosol with a generally lower 7. One potential spurious correlation introduced by
treating the two sub-regions as one larger region would be the observation that higher 7 corresponds
to thinner clouds with a larger fractional coverage, relationships which may exist in neither of the
sub-regions if they were to be analysed in isolation. Similarly, further spurious relationships between
other cloud and aerosol properties may also be introduced by looking at large regions. Such spatial

climatological gradient effects are investigated in Chapter [2]
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Figure 1.4: A schematic illustrating a hypothetical ocean region comprising two hypothetical sub-regions
(sub-region A and sub-region B). Sub-region A is characterised by stratocumulus cloud and biomass burning
aerosol; sub-region B is characterised by cumulus cloud in a pristine ocean environment. No statistically sig-
nificant relationship between aerosol and cloud properties exists within each sub-region. However, analysing
data for both sub-regions together leads to the spurious observation that high aerosol optical depth (7) generally
corresponds to a large cloud fractional coverage, as shown in the scatter plot.

1.5.3 Meteorological effects

Even if all large-scale climatological factors are correctly accounted for, smaller scale meteorological
effects may also lead to spurious correlations between aerosol and cloud properties. As mentioned
in Section [T.4.5] aerosols often swell hygroscopically in high humidity conditions, significantly in-
creasing 7. Since cloud formation also depends on relative humidity, this could lead to spurious
correlations between 7 and cloud properties (Quaas et al.,|2010). Engstrom and Ekman|(2010) found
that 10-metre wind speed can explain a large part of observed correlations between 7 and f, (see
also Chapter 6). Some of the studies mentioned in Section [I.4] also aimed to account for potential
meteorological contributions to observed relationships.

Most previous studies which consider potential meteorological contributions to observed aerosol—

cloud relationships, including those mentioned above, have looked at simple local meteorological
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variables such as relative humidity and wind speed. It is also possible that large-scale synoptic
systems may often lead to spurious correlations between aerosols and clouds, causing correlations

which may not be accounted for by considering simple local meteorological variables on their own.

Many studies have shown that extratropical cyclones and fronts are major drivers of large-scale
cloud properties (Lau and Crane, 19935, |1997; Norris and lacobellis, 2005; Wang and Rogers, 2001}
Chang and Song, 2006} Field and Wood, 2007; |[Field et al., 2008). If these synoptic systems also
affect aerosol properties, then they may lead to spurious relationships between aerosol and cloud

properties.

Over land, synoptic conditions often appear to be a major factor affecting aerosol air pollution
(Dharshana et al., 2010). Cold fronts have been observed to remove aerosols near the surface (e.g.

Sheih et al .| [1983; |Jia et al., [2008)).

Over ocean, high wind speeds and relative humidities associated with synoptic storms can lead
to significantly increased aerosol optical depth (Glantz et al., 2009)), due to both hygroscopic growth
of aerosols (e.g. |Seinfeld and Pandis, 1998)) and increased sea salt emission (e.g. Woodcock, [1953};
Lewis and Schwartz, 2004). Above a certain wind speed threshold, it is possible that sea salt con-
centrations near the surface may decrease due to scavenging by spray droplets (Pant et al., 2008).
However, the question remains as to how extratropical cyclones may affect total column aerosol
properties. This is investigated in Chapter [5| The extent to which extratropical cyclones may cause

spurious correlations between retrieved aerosol and cloud properties is then investigated in Chapter|[6]

1.6 Objectives of this project

The primary objective of this project is to improve our quantitative understanding of aerosol-cloud
interactions and their role in the Earth’s climate system. By developing new methods of analysing
available satellite data, some of the possible reasons for observed relationships between aerosol and
cloud properties will be explored. The outline below provides a summary of the questions investi-

gated in each chapter.
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Chapter

The first major area of focus will be the role of climatological spatial gradients, investigated in Chap-
ter[2] Two questions are asked: What are sensible choices of spatial scale for aerosol-cloud interac-
tion studies? What effect may spatial scale choices have on global estimates of radiative forcing due

to the cloud albedo effect?

Chapter 3|

Taking the recommendations of Chapter 2] into account, Chapter [3| will provide a global panoramic
overview of observed relationships between aerosol and cloud properties. Two questions are in-
vestigated: What are appropriate ways of quantifying and presenting relationships between aerosol
optical depth and different cloud properties on global scales? What relationships between aerosol
optical depth and different cloud properties can be observed across the world for different satellite

and GCM datasets?

Chapter {4

Reasons for the relationship between aerosol optical depth (7) and cloud fraction (f.) will be inves-
tigated in detail in Chapter 4] Three questions are considered: May the observed f.—7 relationships
be partly due to cloud contamination errors? Is ECHAMS-HAM capable of modelling the observed

fo—7 relationships? What are the reasons for the f.—7 relationships in ECHAMS-HAM?

Chapters [5|and [6]

The second next major area of focus will be the consideration of extratropical cyclones, investigated
in Chapters [5|and [6] In Chapter[5] one question is asked: What effect do extratropical cyclones have
on column aerosol properties over ocean? In Chapter [6] one question is considered: Can spurious
relationships between aerosol and cloud properties be explained by considering simply the relative

vorticity of extratropical cyclones and position relative to the storm centre?

Chapter 7|

Finally, Chapter [/| will provide an overview of the main conclusions of this thesis, as well as men-

tioning possibilities for future work.






Chapter 2

A critical look at spatial scale choices In

aerosol indirect effect studies

The text and figures in this chapter are those of (Grandey and Stier (2010)
(B. S. Grandey and P. Stier. A critical look at spatial scale choices in satellite-
based aerosol indirect effect studies. Atmos. Chem. Phys., 10:11459—
11470, 2010, doi:10.5194/acp-10-11459-2010).

As discussed in Section analysing satellite datasets over large regions may introduce spurious
relationships between aerosol and cloud properties due to spatial variations in aerosol type, cloud

regime and synoptic regime climatologies. In this chapter, the following two questions are asked:
1. What are sensible choices of spatial scale for aerosol—cloud interaction studies?

2. What effect may spatial scale choices have on global estimates of radiative forcing due to the

cloud albedo effect?

A description of the datasets and methodology used in this chapter is provided in Section. [2.1]

Results are presented in Section and discussed, with reference to these two questions, in Sec-

tion 23]

33
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2.1 Method

2.1.1 Data

In this chapter, MODIS Science Team Collection 5 daily 1°x1° gridded level 3 products retrieved
from Terra-MODIS radiances (MODO0S8_D3) for the ten-year period March 2000-February 2010 are
used. The aerosol optical depth (7) values are taken from the joint land and ocean mean aerosol
optical depth dataset, retrieved at 550 nm.

For liquid cloud droplet effective radius (7.), values from the quality-assured liquid cloud ef-
fective radius dataset are used. These data are retrieved using the 2.1 um band and another band:
0.86 wm over ocean, 0.65 um over land and 1.2 um over ice/snow (Platnick et al., 2003). As men-
tioned in Section [1.2.5] r. retrievals may be unreliable. However, the MODIS 7. product has been
used in other studies (e.g.,|[Kaufman et al.,[2005; Kiran et al., 2009). It is a suitable product to use for
investigating the effect of spatial scale choices on aerosol indirect effect studies.

Liquid cloud droplet effective number concentration (/N,) is calculated by applying Equation|1.7/
to the liquid cloud optical depth and effective radius joint histogram. It is worth noting that the
conclusions presented in Section [2.3] are not dependent on the validity of Equation and that the
current work also presents results for r., a directly retrieved cloud property. As discussed in Sec-
tion[I.2.5] clouds with optical depths <4 and r, < 4 um are excluded when calculating N,;. Identical
sampling has not been applied to the quality-assured 7. used in this chapter. The results shown in
Section [2.2] have not undergone a single-layer cloud constraint in the calculation of N,;. However,

these results are relatively insensitive to the application of such a constraint, as will be shown in

Appendix

2.1.2 Calculation of sensitivities

Following the method of|Quaas et al.|(2008)), the sensitivity (b,) of a cloud property (¢) to 7 is defined

here as
dln¢

T dlnr

by

2.1

Of interest to this chapter is b,, = glfrllrj, the sensitivity of 7., (cf. Equation | and by, = ‘Ef;‘ , the

sensitivity of Ny, (cf. Equation[I.9).
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Figure 2.1: A schematic illustrating the methods used to calculate sensitivities, applied to a 2°x2° region.
Each point in the scatter plot represents a 1°x 1° grid box and day for which both cloud and aerosol data exist.
The different colours are used to show data from different grid boxes. For simplicity, only a small number of
data points are shown in this schematic.

When calculating sensitivities at 1° x 1° resolution, Equation[2.1]is applied to data for a given sea-
son (December-January-February DJF, March-April-May MAM, June-July-August JJA or September-
October-November SON) and 1°x1° grid box. This methodology can be thought of as calculating
the linear regression slope of a scatter plot of In ¢ vs. In 7, where each point represents a day for
which both aerosol and cloud data exist for this grid box. The one-sigma error of the regression fit is

also calculated.

When moving to larger regions, and ultimately the globe, there are two possible ways to extend
this methodology, as illustrated in Figure 2.1] A single scatter plot for the entire region where dif-
ferent points represent different combinations of date and 1°x1° grid box, could be considered. This
is the method used by Quaas et al.| (2008, 2009) and is very similar to the methods used in many of
the studies mentioned in Section (Bréon et al., 2002; Kautman et al., 2005; Bulgin et al., [2008).
This is referred to here as the region-method, and its use is indicated by a subscript R, e.g. by, |-

The region-method samples both temporal and spatial variability.

Alternatively, values of sensitivity for each individual 1°x1° grid box could be calculated, before
calculating a mean, weighted by the one-sigma error, for the whole region. An error-weighted mean
is used in order to reduce the impact of unreliable values with a large error, many of which may be
outliers. This second method is referred to as the grid-method, indicated by a subscript G, e.g. by, |-

The grid-method samples temporal variability only.

It is worth noting that the spatial scale choices being considered here are different from co-
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location scale choice, another important consideration (McComiskey and Feingold, 2011). The co-
location scale used here is 1°x1° for both the region-method and the grid-method.

In both the region-method and the grid-method, sensitivities with fewer than five contributing
data points are excluded. Further significance testing is also applied, with sensitivities which are
insigniﬁcantﬂ at the two-sigma level being shown as white in Figures. and Both the
region-method and the grid-method assume that cloud and aerosol measurements for different grid
boxes and days are independent, an assumption which may cause the one-sigma errors calculated
in this study to be too small. The validity and effect of this assumption will be discussed further in
Appendix

As discussed in the introduction, the region-method has the potential to introduce a spurious
sensitivity signal due to spurious spatial variations in cloud and aerosol climatologies. This will
be demonstrated by randomly shuffling the temporal pairing of cloud and aerosol data within each
season and 1°x1° grid box, assuming that aerosol and cloud properties for different days are inde-
pendent. (See Figures. 2.2]and [2.4]) The application of this randomisation is indicated by a subscript
Rand, e.g. by, |r Rand-

Although the grid-method has the obvious advantage of reducing spatial gradient methodological
errors, the error weighting may lead to bias towards regions with a small error in the sensitivity.
However, as will be discussed in Appendix [B| this does not appear to be a major problem in this
study.

In order to avoid errors due to retrievals behaving differently between ocean and land, ocean and
land regions are analysed separately using a 1°x1° land mask.

Near the poles, where surface ice exists and satellite observations are at high solar zenith angles,
properties retrieved from satellite data can often be unreliable (e.g., Liu et al., 2009). This problem
1s mostly avoided by limiting this study to regions between 60° N and 60° S.

A summary of the notation used in this chapter is provided for reference in Table [2.1]

'Tt is worth noting that a lack of statistical insignificance does not necessarily imply significance (e.g. /Ambaum,
2010).
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Table 2.1: A summary of the notation used in Chapter

Symbol Meaning

T aerosol optical depth

Te liquid cloud droplet effective radius

w cloud liquid water path

Te cloud optical depth

Ny liquid cloud droplet effective number concentration

0] a general cloud property, either r. or IV, in this chapter
0% constant in Equation|1.7} =1.37x 105 m~z

by the sensitivity, j}ﬁf of a general cloud property to 7
bn, sensitivity of Nyto 7

by, |r sensitivity of Ny to 7, calculated using the region-method
by, sensitivity of /V,; to 7, calculated using the grid-method

bn,|rRrana  sensitivity of N, to 7, calculated using the region-method after data randomisation
bn,|crana  sensitivity of N, to 7, calculated using the grid-method after data randomisation

by, sensitivity of r, to 7

by, |r sensitivity of r, to 7, calculated using the region-method

b |c sensitivity of 7, to 7, calculated using the grid-method

by, |RRana  sensitivity of r. to 7, calculated using the region-method after data randomisation
br.|GRrana  sensitivity of . to 7, calculated using the grid-method after data randomisation
DJF Dec-Jan-Feb

MAM Mar-Apr-May

JIA Jun-Jul-Aug

SON Sep-Oct-Nov

2.2 Results and discussion

The first column of Figure shows the annual mean by, | (region-method sensitivity of V; to 7)
for different region sizes. The sensitivities are calculated for each season and then an error-weighted
annual mean is calculated. The top map, for 1°x1° regions, shows positive sensitivities (red) over
much of the ocean, indicating that higher 7 generally corresponds with higher N, over these areas,
as predicted by the cloud albedo effect conceptual model. In contrast, negative sensitivities (blue)
exist for some land areas, indicating that higher 7 is associated with lower N;. Much of the map is
white, indicating that the calculated by, |r values were often not statistically significantly different
from zero at the two-sigma confidence level. As the region size increases, the fraction of the globe

containing statistically significant by, |r increases substantially.

For the grid-method, shown in the second column of Figure the statistical significance of

bn,|c also improves substantially with increasing region size. The general spatial distribution of
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Figure 2.2: Annual (all seasons one-sigma error weighted) mean sensitivity of Terra-MODIS Collection 5
Ny (N, in figure) to 7 for different region sizes. The first column shows the results for the region-method;
the second column is for the grid-method; the third column is the difference between the region-method and
grid-method sensitivities; the fourth column is the difference when the data have first been randomised within
each season and 1°x1° grid box. White regions are where the data are not significantly different from zero at
two-sigma confidence, using the error from the sensitivity regression fit. Grey represents missing data. The
four rectangles in the top right hand map indicate the regions commented on in Section

grid-method sensitivities is similar to those of the region-method, with by, | being mostly positive
over the ocean and negative over land. However, some differences between by, |r and by, | are also
evident. For example, over the North-West Pacific, near East Asia, the 60°x60° by, |r is much larger

than by, |G-

The difference between by, |r and by, | is shown in the third column of Figure White shows
where the difference is not significantly different from zero at the two-sigma confidence level. The
region-method and grid-method only diverge at scales larger than 1°x1°, so the 1°x1° by, |r—bn,|c
map shows no difference between the two methods, as expected. At 4°x4°, differences begin to
appear along some of the coasts and land areas, probably due to surface albedo changes causing
spatially-varying satellite retrieval errors. At 8°x8°, many more differences can be seen, includ-
ing over ocean areas. For 15°x15° and 60°x60°, the presence of significant differences increases

substantially.
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Figure 2.3: Difference in sensitivity of Terra-MODIS Collection 5 Ny (/N in figure) to 7 between the region-
method and grid-method for different seasons and two different region shapes (meridional and zonal). White
regions are where the data are not significantly different from zero at two-sigma confidence. Grey represents
missing data.

These results for by, |r, bn,|c and by, |r—bn, | are relatively insensitive to the application of a

single-layer cloud constraint, as will be discussed in Appendix

In order to demonstrate that the observed differences occur due to spatial scale changes, the fourth
column of Figure [2.2] shows the difference between the region-method and the grid-method for data
which has been temporally randomised within each 1°x1° grid box and season prior to calculating
the annual mean. This randomisation generally causes by, | rana to become insignificantly different
from zero, with a few statistically significant departures from zero being the result of noise. The
dominant signal in by, |r Rand—0n, |G Rana 1S due to spatially-varying changes in N, and/or 7 within

regions, either as a result of physical climatologies or surface albedo changes affecting satellite re-

trievals. The strong similarity between by, |r Rand—0n, |G Rana and by, |r—bn,|c demonstrates that
these sensitivity differences arise as a result of varying climatologies and/or surface albedo within
regions.

By looking at different region shapes, it is possible to investigate whether the by, |r —bn, | differ-
ences are predominantly meridional or zonal in nature. Figure shows the difference by, |r —bn,|c
for different seasons and two different region definitions: 1°x15° (meridional) and 15°x1° (zonal).

It can be seen that both meridional and zonal changes contribute, with meridional changes being
more widespread over the open ocean.
Four ocean areas are worthy of particular mention: the Western North Pacific, to the east of

China; the Arabian Sea, between the Horn of Africa and India; the Eastern South Pacific, near the

South American coast; and the Eastern South Atlantic, near the African coast. These four regions are
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indicated on the map at the top right of Figure 2.2] Below, each of these four regions is considered

briefly.

Parts of the Western North Pacific, to the east of China, show a large difference between by, |r and
bn,|c at region-scales of 8°x8° and above (Figure , much of which is meridional (Figure .
Aerosol properties are known to vary significantly within this region, often exhibiting a gradient in
absorptivity and fine-mode fraction with distance from the coast (Choi et al., [2009). A significant

part of this variation in aerosol properties is meridional.

The Arabian Sea, between the Horn of Africa and India, also shows a large meridional difference
between by, |r and by, |, particularly during the summer months (Figure . This area often con-
tains airborne dust originating from dust storms, with 7 being higher in summer than in winter (L1
and Ramanathan|, 2002). The presence of dust often leads to situations where aerosol and cloud are
misidentified (Brennan et al., 2005), leading to errors in retrieved properties. Since there is a strong
meridional gradient in 7 due to dust over the Arabian Sea (L1 and Ramanathan, 2002)), this may lead

to a meridionally-varying contribution of contamination to retrieved properties.

The results presented here suggest that stratocumulus region indirect effect studies may be par-
ticularly susceptible to spatial scale choices. The Eastern South Pacific stratocumulus region, to the
west of Peru and Chile, shows persistent differences between by, |r and by, | (Figures and .
Interestingly, the Eastern South Atlantic stratocumulus region, to the west of Africa, shows a neg-
ative meridional difference in MAM but not in other seasons. Aerosol types and cloud properties
are known to vary spatially within these regions (e.g.,(George and Wood, |2010), and variations may
have a significant impact on observed aerosol indirect effects (Andrejczuk et al., 2008). These spatial

variations must be taken into account when studying stratocumulus regions.

Figures[2.4and2.5|show b,, (the sensitivity of r, to 7) which exhibits a very similar pattern to Fig-
ures and except for the inverted sign and colour bar range. For the first and second columns
of Figure blue regions show where b,._ is negative, indicating that higher 7 generally corresponds
with smaller droplets, and red regions show where b,, is positive, indicating that higher 7 corresponds
with larger droplets. The aforementioned observations concerning the sensitivity of Ny also apply to
the sensitivity of 7.. For example, the third column of Figure [2.4] shows that statistically significant
differences between b, |q and b, |r emerge as the region size increases. These differences occur

mainly along the coast and over land at 4°x4°, but are found everywhere at 60° x60°. As before, the
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Figure 2.4: Same as Figure but for sensitivity of Terra-MODIS Collection 5 r, to .
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Figure 2.5: Same as Figure but for sensitivity of Terra-MODIS Collection 5 7, to 7.

fourth column shows that these differences are similar if the data have been randomly shuffled within

each 1°x1° grid box. The four regions commented on above also show large b,
in Figures [2.4]and [2.3]

Figure shows the relative error introduced to the global average of by, through the use of

r—by, | differences

the region-method compared to the grid-method. As expected, this error increases with region size.
This error generally acts such that the region-method leads to an overestimate of by, compared to the

grid-method. For the ocean-land combined and ocean-only sensitivities, this error increases rapidly
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Figure 2.6: Absolute percentage error in the globally-averaged sensitivity of Terra-MODIS Collection 5 Ny
to 7 due to the region-method compared to the grid-method. The green data line is for land-only, the blue is
for ocean-only and the red is for ocean and land combined. Crosses show where the region-method leads to an
overestimate of the sensitivity (i.e. the error is positive), and triangles where the sensitivity is underestimated
(the error is negative). As elsewhere in this study, weighting has been applied using the one-sigma error in the
sensitivities. Latitudinal area weighting has not been applied.
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Figure 2.7: Same as Figure but for sensitivity of Terra-MODIS Collection 5 7, to 7.

to ~5-10% between 4° x4° and 8°x&8°. It is at this scale that statistically significant differences begin
to become apparent in many individual regions, as shown in Figure 2.2] and commented on earlier.
Likewise, as can be seen in Figure for r. the region-method leads to large errors in b,, at region

scales of 8°x8° and larger. At 60°x60°, the ocean-only error in b, grows to ~470%.
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Errors in sensitivities arising due to the region-method will propagate into associated estimates
of cloud albedo effect radiative forcing. Quaas et al. (2008) use large-scale regions, of compara-
ble size to the 60°x60° regions used here, to estimate radiative forcing. Their cloud albedo effect
radiative forcing scales approximately linearly with by,. As can be seen in Figure the applica-
tion of the region-method at 60°x60° gives rise to an 80% error (70% error for ocean-only). This
would introduce an estimated error of approximately 80% to the |Quaas et al.| (2008) cloud albedo
effect radiative forcing estimate, modifying their error estimate from 0.1 Wm~2 to +0.2 W m~2.
Quaas et al. (2008) clearly acknowledge that the uncertainty of their result is likely to be larger than

+0.1 Wm~2, due to data and methodological errors being difficult to account for. The current study

helps to quantify a methodological error.

2.3 Conclusions

This chapter aimed to address two questions: What are sensible choices of spatial scale for aerosol—
cloud interaction studies? What effect may spatial scale choices have on global estimates of radiative

forcing due to the cloud albedo effect?

In order to address these questions, the effect of calculating aerosol—cloud relationships in satellite
data over a variety of region sizes from 1°x1° to 60°x60° was investigated. Using MODIS satellite
data, sensitivities (Equation of derived N, to 7 and retrieved 7. to 7 were calculated for these

different spatial scale choices.

Generally, positive values of the sensitivity of derived N, to 7 are found for ocean regions, whilst
negative values occur for many land regions. The spatial distribution of the sensitivity of retrieved 7,
to 7 shows the opposite pattern, with generally positive values for land regions and negative values for
ocean regions. Differences in aerosol—cloud relationships between land and ocean may be related to
regime dependent behaviour of aerosol indirect effects, as suggested by some large-eddy simulations
(Haywood et al., 2009).

It was found that analysing datasets over large regional scales has the potential to introduce sig-
nificant errors to aerosol indirect effect studies. For regions of size 4°x4°, spatial scale errors are
generally small (<10% for the sensitivity of both N; and ) but often become much more significant

at region sizes of 8°x8° and larger. At larger region scales, these errors can become much larger. For
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example, for regions of size 60°x60° the global ocean-only error in the sensitivity of r. is ~470%.
The existence of these spatial scale errors appears to be robust to the application of a single-layer

cloud constraint and also does not appear to be the result of a sampling bias due to error weighting.

In light of these findings, it seems sensible to recommend 4° x4° as the largest size of individual
regions that should be used for analysis in aerosol indirect effect studies. Caution should be applied
if looking at larger regions. If data exist at a higher gridded resolution (e.g. 1°x1°), the possibility
of analysing data at this higher resolution should be seriously considered. Results of calculations
done at these small spatial scales can then be averaged over larger regions, allowing overall results
to be calculated for large regions and the globe. Of course, it may not always be possible to conduct
analyses at the small spatial scales recommended here. Dataset limitations may prohibit this, partic-
ularly when extra temporal and meteorological constraints reduce dataset size. Potential spatial scale

methodological errors should be considered alongside other considerations.

The results presented in Section suggest that stratocumulus regions are particularly suscepti-

ble to such methodological errors, and particular care must be taken when studying such regions.

For large regions, spatial scale errors may lead to large errors in estimates of global cloud albedo
effect radiative forcing. For regions on the scale of 60°x60°, this study suggests that this method-
ological error in radiative forcing is of order 80%. The corresponding ocean-only error in radiative

forcing is of order 70%.

Another advantage of conducting analysis of aerosol—cloud relationships on small regional scales
and presenting the results on maps is that it can provide an overview of how these relationships differ
for different regions. This avoids the necessity of making prior assumptions about the homogeneity

of these relationships across previously chosen large-scale regions.

This chapter focuses on the cloud properties, N, and 7., which are often of interest in cloud albedo
effect studies. The methodological errors explored here highlight a potential source of inaccuracy in
some of the cloud albedo effect studies mentioned in Section (e.g., Bréon et al., 2002; |Kaufman
et al., 2005; Bulgin et al.,|2008; Quaas et al., 2008). Although other cloud properties are not investi-
gated here, it is likely that similar methodological errors may also affect the findings of studies which
use large regions to investigate other aerosol indirect effects (e.g., Koren et al., 2005, |2008; Jones
et al., 2009). However, the additional cloud type and meteorological constraints applied in several of

these studies may make their results less susceptible to the spatial gradient effects discussed here.
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Finally, it is worth noting that even small regions experience changes in cloud regime and aerosol
conditions, often as a result of meteorology. This may lead to spurious correlations unaccounted for
in this chapter, and is the basis for the work presented in Chapters [5] and [0} One possible further
approach would be to investigate the contribution of temporal climatological gradients, analogous
to the spatial gradients discussed here. However, although seasonal temporal scale choices should
be considered, this would not fully account for meteorological effects. The development of more
advanced methods to investigate the contribution of meteorology to observed aerosol—cloud relation-

ships would be highly beneficial.






Chapter 3

Quantifying observed aerosol-cloud

relationships on global scales

In the previous chapter, the effect of spatial scale choices in aerosol-cloud interaction studies was
considered. It was recommended that analysis of relationships between aerosol and cloud properties
be conducted using region sizes no larger than 4°x4°, before averaging the results to larger regional
scales where necessary. In addition to demonstrating an application of the spatial scale considera-
tions, the work presented in Chapter [3| will provide a global panoramic overview of some observed
relationships between aerosol and cloud properties, building on the results of earlier studies such as
that by |Quaas et al.|(2009). Appropriate methods for quantifying the relationships will be considered.

The following two questions are investigated:

1. What are appropriate ways of quantifying and presenting relationships between aerosol optical

depth and different cloud properties on global scales?

2. What relationships between aerosol optical depth and different cloud properties can be ob-

served across the world for different satellite and GCM datasets?

The data and methodology used to answer these questions are described in Section The

results are presented in Section [3.2] Conclusions are summarised in Section [3.3]

47
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3.1 Method

3.1.1 Data

Data from a number of different satellite and GCM datasets are used in this chapter. As described
in Section daily level 3 Aqua-MODIS data from two different datasets are used: the offi-
cial MODIS Science Team Atmosphere Collection 5 level 3 daily 1°x1° cloud and aerosol dataset
(MYDO08_D3, December 2002 — November 2008); and the CERES Single Scanner Footprint (SSF)
dataset, which includes CERES Team cloud data alongside MODIS Science Team Collection 4
aerosol data, gridded to 2.5°x2.5° (2003-2005). A third satellite dataset combination used here is
the AATSR GIobAEROSOL aerosol dataset and the AATSR ORAC cloud dataset, gridded to 1°x1°
(Section[I.2.4] December 2002 — November 2006).

The AeroCom indirect effects intercomparison project used data from several different GCMs
(Section[1.3.4} Quaas et al.,[2009)). These GCM data are also used here. They are sampled at a local
time of 1:30 P.M., matching the overpass time of the Aqua satellite. They are provided at a spatial
resolution of 2.5°x2.5°.

A number of different cloud properties, explained in Section[I.2.5] are investigated in this chapter:
liquid cloud droplet number concentration at cloud top (/Ny; calculated using Equation for the
satellite datasets; directly output by the GCMs in the AeroCom model datasets), liquid cloud droplet
effective radius at cloud top (r.), cloud top temperature for all clouds (73,,) and total cloud fraction

(f.). Aerosol optical depth at 550 nm (7) is used.

3.1.2 Analysis methodology

In order to investigate relationships between the cloud properties mentioned above and 7, the daily
data are categorized into two cases: low 7 conditions, where 7 is less than the median for that grid-
box, season and dataset; high 7 conditions, where 7 is greater than the median. Following this
categorization, a mean for each grid box, season, property and dataset is calculated, before averaging
across all four seasons. These means for low 7 and high 7 conditions, and the difference between
them, are then shown on maps (e.g. Figures[3.1]and[3.2). Since this chapter does not aim to provide a
comprehensive analysis of the GCM datasets and inter-model differences, the median results across

the AeroCom models are shown rather than the results for every single model. The analysis is limited
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to 60°S—60°N, because the satellite retrievals are likely to be less reliable near the poles.

Beyond looking at how the cloud properties change between low 7 and high 7 conditions, it
would be interesting to mathematically quantify the relationships between the cloud properties and
7, as was done using sensitivities of N, to 7 in Chapter 2 When defining the sensitivity of /N, to
7 as the ordinary least squares regression slope of In NV, versus In 7 in Chapter 2 it was implicitly

assumed that N, is dependent on 7 and that a power law relationship between the two exists:

Ny(r, M) o< T°M (3.1)

dIn Ny
dlnT

where 0 is a constant (the so-called sensitivity, ) and M represents other terms on which N,
is dependent, such as meteorological conditions. If this is true, and if 7 is independent of M, then
an ordinary least squares fit between N,; and 7 would be appropriate, with ¢ becoming the error

representing the other terms unaccounted for by 7:

InNyg=a-+blnt+¢ (3.2)

where a comes from the constant coefficient of proportionality for Equation|3.1jand € = In M + €' is
the error due to terms unaccounted for, such as meteorology and the error due to noise (¢'). A similar

relationship was assumed for 7.. Three comments about these assumptions are noted below.

Firstly, it is assumed that a cloud property ¢ = ¢(7) is a function of 7, and that a linear relation-
ship between these variables or transformations of these variable is appropriate. If this assumption
that ¢ = ¢(7) is true, then a fit where ¢ residuals are minimized would be appropriate. As discussed
throughout this thesis, especially in Section observed relationships between ¢ and 7 may not be

due to aerosol indirect effects.

Secondly, it is assumed that 7 is either independent of M or that 7 and ¢ are functions of indepen-
dent aspects of M, i.e. there is no covariance due to M. This may be a poor assumption, since both
7 and ¢ may be dependent on common meteorological factors such as relative humidity and synoptic
conditions, as mentioned in Section[I.5.3] In reality, depending on the covariance between M, ¢ and

7, part of M may be included in the constant b.

Thirdly, in order for an ordinary least squares fit to be valid, it is assumed that € is normally

distributed, and that € is independent of 7, i.e. there is no covariance between retrieval errors for 7
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and ¢. In reality, aerosol retrieval errors due to cloud contamination may be correlated with retrieved
cloud properties, as mentioned in Section This may lead to part of ¢’ being included in b.

Although these assumptions may not be fully valid, as noted above, such ordinary least squares
fits are used here. It is important to remember that an observed relationship between 7 and a cloud
property ¢ may not indicate a causal indirect effect of the aerosol on cloud, and that the relationship
may be largely due to meteorology or satellite retrieval errors. The aim of this chapter is simply to
provide a global overview of these observed relationships in both satellite and GCM datasets. The
use of three satellite datasets provides, to some extent, a possible constraint on the contribution of
some possible retrieval errors. However, it is not unlikely that all three datasets may suffer from
common retrieval errors, particularly those associated with cloud contamination of aerosol retrievals.
The possible contribution of synoptic conditions is considered further in later chapters, particularly
Chapter [6]

The shape of the ordinary least squares fit may not be obvious. For N, and r., the two cloud
properties used in Chapter 2] there are theoretical reasons for assuming a log-log relationship between
these cloud properties and 7 (Equations|I.8|and[I.9). For other cloud properties, a log-log relationship
may not be appropriate. In this chapter, theoretical considerations are supplemented by an empirical
test in order to decide whether to use log—log, lin-log or lin—lirﬂ fits between the cloud properties
and 7. The empirical measure chosen is the coefficient of determination (122), which is the square
of the linear correlation coefficient and is a measure of goodness of fit. We apply this test to the
MODIS Science Team Collection 5 dataset only, because this is the major satellite dataset used in
this thesis. For each ¢—7 combination, maps of R? are produced for log-log, lin-log and lin—lin fits
(e.g. Figure[3.3).

After a fit has been chosen for each ¢—7 combination, the regression slopes are calculated for
each season and grid box. The results are regridded to 15° x 15° using the grid-method of Chapter 2]
weighting by the one-sigma error (e.g. Figure[3.4). As with the high 7 and low 7 condition means,
the AeroCom model median for each 15°x15° region is shown, rather than the regression slopes
for each model. Alongside the 15°x15° grid-method regression slope, correlation coefficients for
the fit are calculated at the level 3 grid box resolution for each season before averaging across all

four seasons. The number of ¢—7 paired daily data points contributing towards the regression slopes

The other possible combination of log-lin is not considered because it seems unphysical for a cloud property to be
an exponential function of 7.
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and correlations for each grid box are also shown. Again, the AeroCom model median correlation

coefficient and number of points are shown for each grid box.

3.2 Results and discussion

3.2.1 Aerosol optical depth (7)

The mean Aqua-MODIS Science Team Collection 5 7 field for the low 7 days (7 < seasonal grid box
median) averaged across all four seasons is shown in Figure[3.1(a). The purple and blue indicate low
7. The missing grey regions are due to the Collection 5 aerosol retrieval failing over bright surfaces,
such as the Sahara Desert region of North Africa. The corresponding 7 field for high 7 conditions is
shown in Figure [3.1[b). The second map contains much more green, yellow and red compared to the
first, indicating higher 7, as expected by definition of the analysis. To the west of North Africa, the
high 7 due to dust storms is very evident. Also, anthropogenic aerosol over the Indo-Gangetic plain
and East Asia is clearly visible. In general, the North Atlantic ocean has higher 7 than the South
Atlantic ocean due to the presence of more anthropogenic aerosol in the Northern Hemisphere. The
band of high 7 in the extratropical southern ocean is likely due to a combination of sea-salt emission
and sea-surface reflectance effects, both dependent on the high wind speeds found in this region.
This will be investigated further in Chapter [5} Figure [3.1(c) shows the difference between the two
previous maps (high — low). The ubiquitous red shows an increase in 7, as expected. It can be seen
that regions with higher mean 7 generally have a larger absolute difference between the low and the
high 7 means.

The second row, Figures [3.1(d)—(f), shows similar maps for the Aqua-MODIS Science Team
Collection 4 7, the 7 data contained in the CERES SSF footprint. As can be seen, there are no missing
regions in these Collection 4 fields. This is because the quality control on the level 3 7 data derived
from the CERES SSF is less robust than for the more recent Collection 5 7, so fewer retrievals over
bright surfaces are dismissed in the CERES SSF Collection 4 than in Collection 5. It can be seen that
in both the high and low 7 cases, Collection 4 7 is generally very similar to Collection 5 7 over ocean.
However, Collection 4 7 is generally much higher than Collection 5 7 over land (Bellouin et al.|
2008)). This is most likely due to poorer quality control in Collection 4 and the use of an improved

retrieval in Collection 5. The very large difference between the two retrievals over Australia is likely
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Figure 3.1: Annual (all seasons) mean aerosol optical depth (7) for low 7 (7 > seasonal grid box median; first
column) and high 7 (7 < seasonal grid box median; second column) conditions, and the difference between
these (third column), for different satellite and model datasets: Aqua-MODIS Collection 5 (first row), Aqua-
MODIS CERES SSF (which contains Collection 4 7; second row), AATSR (GlobAEROSOL 7 with ORAC
cloud; third row) and the median of the AeroCom model results (fourth row). Grey represents missing data.
An area-weighted mean (AWM) and median (Med) is provided beneath each map.

due to the bright surface. The difference map again shows an increase everywhere, as expected, and
a similar spatial pattern to that for Collection 5. The increase over ocean is very similar to Collection

5, but the increase over land is much larger due to the presence of some significantly higher aerosol
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retrievals most likely due to land retrieval and quality control differences, as mentioned above.

GlobAEROSOL AATSR 7, Figures [3.1(g)—(i), is generally similar to the Aqua-MODIS 7 over
ocean. One difference is that AATSR often sees lower 7 than MODIS over the remote extratropi-
cal southern ocean, most likely due to the fact that the GlobAEROSOL retrieval has a wind speed
dependent sea-surface reflectance correction. AATSR sees higher 7 than MODIS over the North At-
lantic ocean. Over land, AATSR is in much better agreement with MODIS Collection 5 than with
Collection 4, except over the north of South America, Australia and Northern Europe.

The median low 7 mean, high 7 mean and difference for the AeroCom models are shown in
Figures [3.1(j)—(1). Over ocean, the 7 fields are comparable to those for the satellite datasets. There
is a strong 7 signal in the extratropical southern ocean, indicative of strong sea-salt emission. The
visible vertical banding is due to sampling issues in one of the models, the Hadley Centre Model.
The biomass burning contribution to 7 appears to be poorly captured in the AeroCom Median, as ev-
idenced by the low 7 over northern South America and Sub-Saharan Africa compared to the satellite
datasets. The difference map shows that there is a significantly smaller variation between low and

high 7 conditions than in the satellite datasets, particularly over land.

3.2.2 Liquid cloud droplet number concentration (/NV;)

Figure [3.2)(a) shows the mean Aqua-MODIS Science Team Collection 5 derived liquid cloud droplet
number concentration (/V;) for conditions where daily 7 is less than the seasonal median for that grid
box. The grey regions of missing data over bright surfaces arise because there are no 7 data here for
categorization into low 7 and high 7 conditions. Over land, Collection 5 N, is generally much higher
than over ocean. As can be seen in the difference map, Figure [3.2(c), N, generally increases over
the ocean as one moves to high 7 conditions, as expected from the conceptual cloud albedo effect.
However, the blue over some land regions and the negative global mean and median for the land
shows that Collection 5 N, often decreases as one moves to high 7 conditions over land.

Figure shows the coefficient of determination (R2?), averaged over all four seasons, for log—
log, lin—log and lin—lin regression fits of Collection 5 N, versus 7. Blue shows very weak fits, while
green and red show better fits. The spatial distribution of R? is similar for all three attempted fits.
The global mean R? values, shown beneath the maps, are of order 0.03, showing that on average only

3% of the variance in Ny can be explained by 7 using these regression fits. However, R? is much
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Figure 3.2: Same as Figure but for mean liquid cloud droplet number concentration (N, cm™?), again
categorised according to low aerosol optical depth (7) and high 7 conditions. The reasons for the noise and
missing values in the AATSR data are discussed in the text.

higher in the red areas, including the East Asian outflow region to the east of China, where at least
10% of the variance in N4 can be explained. By looking at the global means and medians, provided
below each map, it can be seen that a log—log fit empirically appears to be the most successful of
these three fits over ocean. This is consistent with the theoretical consideration of Equation [1.9

assuming that the cloud albedo effect is the major contributor to the relationship between 7 and N,.



3.2. RESULTS AND DISCUSSION 55
In N;—In 7 (log-log) R? Ny—In 7 (lin-log) R? Ny—7 (lin-lin) R?

MODIS Coll. 5

Ocean: AWM= 0.0354, Med= 0.0284 Ocean: AWM= 0.0309, Med= 0.0240 Ocean: AWM= 0.0307, Med= 0.0209
Land: AWM= 0.0348, Med= 0.0223 Land: AWM= 0.0356, Med= 0.0241 Land: AWM= 0.0319, Med= 0.0206

(a) (b) (©)

0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080 0.090

Figure 3.3: Annual mean (averaged over four seasons) coefficient of determination (R?) for log-log (a), lin—
log (b) and lin-lin (c) ordinary least squares fits of Aqua-MODIS Collection 5 derived liquid cloud droplet
number concentration (Ng) to aerosol optical depth (7). Grey represents missing data. An area-weighted mean
(AWM) and median (Med) is provided beneath each map.

Over land, however, the lin—log fit appears to be more successful than the log—log fit. Due to the
theoretical justification for using the log—log fit here, and also because much of the later part of this

thesis focuses on ocean rather than land regions, the log—log fit is chosen here.

Figure [3.4(a) shows the log-log ordinary least squares regression slope of N, versus 7 for the
Collection 5 data, averaged to 15°x15° using the grid-method of Chapter 2] This log—log regression
slope was referred to as the sensitivity of Ny to 7 in Chapter 2] The corresponding correlation coef-
ficient (r) is shown in Figure [3.4(b), with orange showing positive correlations and purple showing
negative correlations. In agreement with Figure [3.2{c), positive slopes and correlations are gener-
ally observed over the ocean, with negative values observed over many land regions. The global
error-weighted means are +0.146 and —0.042 respectively. Regions with larger differences between
low and high 7 conditions often correspond to regions with steeper slopes and stronger correlations.
Figure [3.4[c) shows the number of paired data points contributing to the slope and correlation cal-
culations for each grid box. The presence of dark green over most of the world shows that there are

generally hundreds of contributing data points for each grid box.

Ny derived from the Aqua-MODIS CERES SSF, Figures [3.2(d) and (e), has a similar spatial
distribution to the Collection 5 N;. However, the absolute values are lower over land. The difference
in SSF N, as one moves from low 7 to high 7 conditions, shown in Figure[3.2(f), is generally positive

over both ocean and land, in contrast to the Collection 5 dataset which often had decreases over land.
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Figure 3.4: Results of a log—log ordinary least squares regression fit of liquid cloud droplet number concentra-
tion () to aerosol optical depth (7) for different satellite and model datasets, assuming In Ny = a+bln7+¢
where a and b are constants and ¢ is the error representing other terms not included in the linear model. First
column: annual (all seasons one-sigma error weighted 15° x 15° grid-method) mean regression coefficient
ddlrfn]\; <. White regions show where data are not significantly different from zero at two-sigma confidence. Grey
represents missing data. Second column: annual mean correlation coefficient r. Third column: total number
of days contributing paired data. An area-weighted mean (AWM) and median (Med) is provided beneath each

map. For the satellite regression slopes, an error-weighted mean (EWM) is also provided.
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Over ocean, the SSF N, versus 7 regressions slopes and correlations, shown in Figures @kd) and (e),
are generally slightly stronger than those of Collection 5. Again, it can be seen that the slopes and
correlations are generally positive over land, in contrast to the Collection 5 values. These positive
relationships over both land and ocean in the CERES SSF dataset have been previously observed
by Quaas et al. (2008)). The inconsistency between these datasets over land, where retrievals are less
reliable, highlights the need to be careful when using satellite datasets. Although a signal may appear
clear in one dataset, the use of a second dataset may show that the result is inconclusive and likely

due to retrieval biases.

AATSR N, Figures [3.2(g) and (h), has a similar ocean-land contrast to the MODIS derived
N, data, although the absolute values for AATSR N, are much higher. These higher N, values
are largely due to the fact that Ny oc 7e %, so a small change in r. can lead to a large change in
Ny, and AATSR has much smaller retrieved r. than either of the MODIS datasets (Figure |3.5)).
The missing data over the West Pacific are due to level 2 date mismatching between the level 3
gridded AATSR GlobAEROSOL aerosol and ORAC cloud datasets. The AATSR N, differences,
Figure @Ki), are much noisier than the MODIS N, differences, likely because there is less AATSR
input data, Figure [3.4(i). The global increase over ocean appears clear, with an increase in both
the global mean and median, consistent with the two MODIS datasets. However, the global change
over land is ambiguously noisy, with a negative mean and a positive median. By looking at the
15°x15° grid-method regression slopes, Figure[3.4(g), which have the advantage of error-weighting,
a negative signal over land and some ocean regions becomes more evident. Strong positive slopes
are observed over much of the Atlantic ocean. However, many regions, particularly land regions,
have statistically insignificant slopes, probably due to the smaller amount of input data compared to

MODIS. The global error-weighted mean slopes are +0.137 over ocean and —0.121 over land.

Over ocean, the global error-weighted mean slopes of satellite-derived /N; versus 7 vary be-
tween +0.137 (AATSR) and +0.196 (MODIS CERES SSF). These generally positive relationships
are consistent with the in situ aircraft studies of [Twohy et al.| (2005) and Lu et al.| (2007), and the
ground-based remote sensing study of McComiskey et al.| (2009), who observed positive relation-
ships between N; and 7 for stratocumulus clouds (Section [I.4.1)). Over land, they vary between
—0.121 (AATSR) and +0.127 (MODIS CERES SSF), providing no constraint on the sign of the

relationships over land.
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The AeroCom Median N, Figures[3.2(j) and (k), has a similar magnitude to the MODIS datasets
over ocean, but is much lower than the satellite datasets over land. The difference, Figure 1), 1S
again very similar to the MODIS datasets over ocean. It is almost always positive over land. The
regression slopes and correlations, Figures @Kj,k), are positive over both ocean and land. The slopes
are generally steeper than for the satellite datasets, with global error-weighted means of +0.274 for

ocean and +0.247 for land.

3.2.3 Liquid cloud droplet effective radius (r.)

As can be seen in Figures [3.5(a) and (b), for the Aqua-MODIS Collection 5 dataset, smaller liquid
cloud droplet effective radii (r.) are generally observed over land compared to over ocean. This
is consistent with higher N, being observed over land, as mentioned in the previous section. The
spatial distribution of r. is approximately inversely related to that of Ny, according to Equation
The difference in 7. as one moves from low to high 7 conditions, Figure [3.5(c), generally shows
a decrease over the ocean and an increase over land. This is also consistent with the N, results
discussed previously.

The global mean and median coefficients of determination, Figure [3.6 are highest for the lin—
log fit over ocean and for the log—log fit over land. The log—log fit is chosen here, largely because
theoretical considerations suggest that a log—log fit of r. versus 7 may be a good way to quantify
the cloud albedo effect (Equation . The ocean R? values are generally lower for In 7, versus In 7
(mean 0.023) than they are for In N, versus In7 (mean of 0.035), suggesting that derived N; may
be more closely linked to 7 than 7. is. This is consistent with the fact that Equation [I.§] assumes
stratification according to liquid water path, something which is not accounted for here. However,
the mean land R? value is higher for Inr, versus In 7 (0.041) than it is for In N, versus In 7 (0.035),
the reasons for which are unknown.

The Collection 5 Inr, versus In 7 regression slopes and correlation coefficients, Figures [3.7(a)
and (b), are generally negative over ocean and positive over land, in agreement with the signs of the
difference between low and high 7 conditions. For the ocean slopes, more regions are statistically
insignificant compared to the N, slopes. This may be due to the lack of liquid water path stratification,
as mentioned above.

Aqua-MODIS CERES SSF r, values, Figures [3.5(d) and (e), are generally slightly smaller than
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Figure 3.5: Same as Figure but for mean liquid cloud droplet effective radius (¢, pm).

the Collection 5 r.. The mean . generally decreases as one moves from low to high Collection 4 7
conditions, as shown in Figure [3.5(f). The regression slopes and correlations, Figures [3.7(d) and (e),

are likewise negative.

AATSR r., Figures [3.5(g) and (h), is much smaller than the MODIS retrieved . datasets. The
land—ocean contrast is also weaker for AATSR than it is for the MODIS datasets. One further differ-

ence is that the AATSR 7. is very small to the east of Indonesia, whereas the MODIS Collection 5 7,
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Figure 3.6: Same as Figure but for fits of liquid cloud droplet effective radius (7.) to aerosol optical depth
(7).

is large here. The difference in AATSR 7. between low and high 7 conditions, Figure [3.3]i), is very
noisy, although the global averages are positive over both land and ocean. The same is true for the
Inr.—In 7 correlation coefficients. This positive relationship between In 7 and In 7, is clearer for the
regression slopes, particularly over ocean. This is in strong disagreement with the MODIS datasets.

Over ocean, the global error-weighted mean regression slopes of satellite-retrieved r. versus 7
vary between —0.042 (CERES SSF) and +0.049 (AATSR). Over land, they vary between —0.012
(CERES SSF) and +0.042 (AATSR). The strong disagreement between the three satellite datasets
suggests that they provide very little constraint on the sign of relationships between 7 and r. over
both ocean and land.

The AeroCom Median r, data, Figures[3.3(j) and (k), are of a similar size to the AATSR r.. The
land—ocean contrast is stronger than in the AATSR dataset. The average differences between low
and high 7 conditions, Figure [3.5(1), are very slightly negative for both ocean and land, although
positive differences are observed across much of the world. The same is true for the correlations,
Figure [3.7(k). The global distribution of regression slopes, Figure [3.5]j), appears slightly noisy,

although negative slopes dominate.

3.2.4 Cloud top temperature (7},,)

The mean Aqua-MODIS Collection 5 cloud top temperatures (7,,) for low 7 and high 7 conditions

are shown in Figures @a,b). All clouds, not just liquid clouds, contribute to 7},,. Temperature



3.2. RESULTS AND DISCUSSION 61

dinre

i r Number of days

v
—
—
] 5
O
P!
O
Ocean: EWM= -0.015, AWM= -0.015, Med=-0.013 Ocean AWM=-0.04, Med=-0.04 Ocean: AWM 878 M
Land: EWM="0.038, AWM= 0.032, Med= 0.038 Land: AWM= 0.09, Med= 0.10 Land: AWM= 716, M

(a) (b) (©

%
% Al
0]
2
/M
O
wn
O E
2 Ocean: EWM= -0.042, AWM= -0.039, Med=-0.041 Ocean: AW Ocean: AWM= 753, Med= 791
Land: EWM= -0.012, AWM= -0.020, Med=-0.012 Land: AW Land: AWM= 851, Med= 925
(d) ®
nn
2
Ocean: 9, AWM= 0.053, Med= 0.027 Ocean AWM= 0.01, Med= 0.01 Ocean: AWM= 71, Med= 66
Land: 2, AWM= 0.035, Med= 0.035 Land: AWM= 0.06, Med= 0.07 Land: AWM= 92, Med= 92
(€ (h) ()
=
<
o —
o)
=
o
Q
o
S
<
Ocean: AWM=-0.016, Med=-0.025 Ocean: AWM=-0.03, Med=-0.04 Ocean: AWM= 175, Med= 174
Land: AWM=-0.027, Med=-0.023 Land: AWM=-0.02, Med=-0.03 Land: AWM= 137, Med= 142
@ (k) )
~0.100-0.075-0.050-0.025 0.000 0.025 0.050 0.075 0.100 -0.800-0.600-0.400-0.200 0.000 0.200 0.400 0.600 0.800 100 200 300 400 500 600 700 800 900

Figure 3.7: Same as Figure but for results of a log—log ordinary least squares regression fit of liquid cloud
droplet effective radius (r.) to aerosol optical depth (7), assuming Inr. = a + bln7 + €.

generally decreases with height in the troposphere, so 73, is a good surrogate for cloud top height.
Of course, T}, is also heavily dependent on location and season for a given cloud top height. Red
regions show warm cloud tops, corresponding to lower clouds for a given region and season. It can
be seen that over the ocean, warmer cloud tops are generally found towards the warmer equator. For

the high 7 conditions, cold cloud tops are observed near South-East Asia and over equatorial Africa,
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Figure 3.8: Same as Figure but for mean cloud top temperature (13,y, K).

showing that high cloud tops frequently occur in these regions. As demonstrated by Figure [3.§]c),
there is a global decrease in 7},, (i.e. an increase in cloud top height) as one moves from low 7 to

high 7 conditions, particularly near South-East Asia.

As can be seen in Figure[3.9] the largest mean and median coefficients of determination are found
for the lin—lin fit of Collection 5 T},, versus 7 for both ocean and land. In the absence of theoretical

reasons for choosing a different fit, the empirically determined lin—lin fit is used here. The lin-lin R?



3.2. RESULTS AND DISCUSSION 63
In T,p —In 7 (log-log) R? Tyop—In 7 (lin-log) R? Tyop—7 (lin-lin) R?

MODIS Coll. 5

.1026, Med=0.1010 QOcean: AWM= 0.1045, Med=
.0858, Med= 0.0701 Land: AWM= 0.0875, Med= 0.

(a) (b)

0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200 0.225

Figure 3.9: Same as Figure but for fits of cloud top temperature (7},,,) to aerosol optical depth (7). Note
differing colour scales.

global means are approximately 0.1 over both ocean and land, suggesting that approximately 10%
of the variance in 7T},, can be generally be explained by 7. For some regions, notably parts of the
subtropical Pacific ocean, the subtropical western South Atlantic ocean, the tropical Indian ocean and
South-East Asia, R? is much larger, sometimes larger than 0.25. These values suggest that T}, is

more closely linked to 7 than either N, or r. is.

The corresponding regression slopes and correlations, Figures [3.10(a) and (b), are negative.
Again, this demonstrates a positive relationship between Collection 5 7 and cloud top height. This

was previously observed for convective clouds in the North Atlantic by Koren et al.|(2005)), who used

an earlier collection of MODIS data. It is consistent with strong convective invigoration by aerosols
(Section[I.4.3]). However, it is also possible that this may be a spurious correlation caused by retrieval

errors or synoptic conditions, discussed in Chapter [6]

Aqua-MODIS CERES SSF T}, data also generally decrease as one moves to higher 7 conditions,
as shown by Figures [3.8(d)—(f). However, the decreases are not found everywhere and they are not
as strong as for the Collection 5 data. The same is true of the weaker correlations in Figure [3.10(e).

For the regression slopes, most 15°x 15° regions are statistically insignificant.

The relationship between 7 and T},, is weaker still for the AATSR data (Figures [3.8], [3.10g and
[3.10h). The 15°x15° regions all have insignificant slopes, but the global error-weighted means are

negative for both ocean and land.

Although the satellite datasets all show negative relationships between 7 and T},,, the strength of
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Figure 3.10: Same as Figure but for results of a lin—lin ordinary least squares regression fit of cloud top
temperature (7}, K) to aerosol optical depth (7), assuming T}, = a + b7 + €.

these relationships are poorly constrained. The global error-weighted mean regression slopes vary
between —7 K (AATSR) and —28 K (Collection 5) over ocean and between —3 K (AATSR) and
—21 K (Collection 5) over land. The strong signal evident in the Aqua-MODIS Collection 5 data
is not reproduced in the other satellite datasets, suggesting that retrieval errors may be responsible

for this strong signal. As mentioned earlier, a very strong signal is observed in South-East Asia.
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Thin tropical cirrus is known to be common here. When this is correctly identified as cloud, cold
Tiop values will be observed. However, it may sometimes be misidentified as aerosol, leading to
contaminated erroneously high 7 retrievals (Huang et al., 201 1J).

As can be seen in Figures[3.8{j) and (k), the AeroCom Median T, data is generally much colder
than the retrieved satellite data for both low 7 and high 7 conditions. This suggests that high clouds
may be unrealistically common in the models, preventing lower clouds from being sampled. On
average, there is no difference in 7;,, between low 7 and high 7 conditions for either the land or ocean,
corroborated by the correlations (Figures [3.8] and [3.10k). However, in strong disagreement with
the Aqua-MODIS Collection 5 data, strong positive relationships between 7 and 7},, are produced
regionally over South-East Asia. It is worth noting that the AeroCom models used here do not include
representations of aerosol effects on convection, so negative relationships between 7 and 7;,, are not
expected in the AeroCom Median. The positive relationships over South-East Asia may be due to
wet scavenging of aerosol by convective precipitation. Although this hypothesis is not tested in this
thesis, the contribution of convective wet scavenging to modelled relationships between 7 and cloud

fraction is investigated in Chapter [4]

3.2.5 Cloud fraction (f,)

Figure a) shows the Aqua-MODIS Collection 5 cloud fraction ( f.) for low 7 conditions. As with
Tiop, fe includes all clouds rather than just liquid clouds. High f, data, indicated by red, orange and
yellow, are observed in the extratropical storm-track ocean regions and in the inter-tropical conver-
gence zone. Much lower f. data, indicated by purple and blue, are observed over many land regions.
As one moves to high 7 conditions, Figure 3.11[b), f. increases substantially. This is shown by the
increase everywhere in Figure [3.11](c). Some of the largest increases are observed in the subtropics.

When choosing which fit to use, it is worth considering that a linear axis, as opposed to a log-
arithmic axis, probably makes most sense for f., which varies from 0 to 1. The coefficients of
determination, Figure[3.12] suggest that a lin—log fit is the most appropriate choice. The global aver-
age R? values are approximately 0.2 for both ocean and land, higher than for any of the other cloud
properties, suggesting that 20% of the variance in f. can be explained by changes in 7.

The regression slopes and correlations, Figures [3.13(a) and (b), also show positive relationships

between 7 and f, at all points. The Collection 5 f.—1In 7 correlations are stronger than for any of the
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Figure 3.11: Same as Figure but for mean cloud fraction f..

other ¢—7 correlations, in agreement with the R? values mentioned above.

The Aqua-MODIS CERES SSF f. data, Figures md) and (e), are similar to the Collection 5
f. data. Again, an increase is observed everywhere as one moves to high 7 conditions, as can be seen
in Figure 3.T1](f). The regression slopes and correlations, Figures [3.13(d) and (e), are also positive.
However, the differences, regression slopes and correlations are not as high as for the Collection 5

data.



3.2. RESULTS AND DISCUSSION 67
In f.—In7 (log-log) R? f.—In7 (lin-log) R? f.—7 (lin-lin) R?

—

MODIS Coll. 5

1583, Med-= 0.1 " Ocean: AWM= 0.1991, M 1936 " Ocean: AWM= 0.1713, Med= 0
0.1715; Med= 0; Land: AWM= 0:2009' Med- 0:2003 Land: AWM= 0.1864. Med

(a) (b) (©)

0.050 0.100 0.150 0.200 0.250 0.300 0.350 0.400 0.450

Figure 3.12: Same as Figure but for fits of cloud fraction (f.) to aerosol optical depth (7).

AATSR f,., Figures [3.11g) and (h), has a similar spatial distribution to the Aqua-MODIS f,
datasets. A general increase in f, as one moves to high 7 conditions is also observed, Figure [3.11{i),
although the increase is not as large as in the Aqua-MODIS datasets. Some decreases are observed
in the Southern Ocean. The regression slopes are mostly positive and not statistically insigniﬁcanﬂ

and the correlations are generally positive. However, these positive signals are again weaker than in

the two Aqua-MODIS datasets.

All three satellite datasets are in general agreement about a positive relationship between 7 and f..
The global mean differences in f, between low and high 7 conditions vary between +0.09 (AATSR)
and +0.20 (Collection 5) over ocean and between +0.10 (AATSR) and +0.20 (Collection 5) over
land. These observations are consistent with the conceptual cloud lifetime effect. However, satel-
lite retrieval errors may also be able to explain the observations. Increasing f. may increase the
relative potential for sub-pixel cloud contamination of aerosol retrievals, causing spurious correla-
tions between 7 and f.. Also, relative humidity or synoptic conditions may contribute towards the

relationships. These will be discussed and investigated further in Chapters {] and [6]

The AeroCom Median f., Figures Bl_fkj) and (k), is generally lower than that observed in the
satellite datasets. However, it is difficult to compare f. between different datasets, because it is
resolution-dependent. The differences, regression slopes and correlations, Figures [3.11]1), 3.13(j)

and k), generally show positive relationships between 7 and f., in broad agreement with the

2As mentioned in the footnote in Section statistical insignificance does not necessarily imply significance. There-
fore, ‘not statistically insignificant’ is used instead of ‘significant’.
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Figure 3.13: Same as Figure [3.4] but for results of a lin-log ordinary least squares regression fit of cloud
fraction (f.) to aerosol optical depth (7), assuming f. = a + bln 7 + €.

satellite datasets. However, in the tropics the relationship is much weaker than in any of the satellite
datasets, and some negative slopes are observed in some equatorial regions. As with the T}, results
over South-East Asia, the AeroCom Median completely fails to capture the relationships observed in
the satellite datasets for the South-East Asian region. This may be due to wet scavenging, as will be

discussed in Chapter [4]
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Figure 3.14: Same as Figure but for fits of cloud fraction (f.) to cloud top temperature (7, K).

3.2.6 Cloud top temperature — cloud fraction

In addition to investigating relationships between 7 and cloud properties, it might also be instructive
to consider relationships between cloud properties themselves. Relationships between 7, and f, are

presented briefly here.

A lin-lin fit of f, versus T},, is chosen, because the coefficients of determination shown in Fig-
ure empirically suggest that this is the most appropriate fit. The mean R? values, approximately

0.3 for both ocean and land, are larger than for any of the ¢—r combinations.

The Aqua-MODIS Collection 5 15°x 15° regression slopes, Figure [3.15(a), are consistently neg-
ative and not statistically insignificant. The correlations, Figure [3.15(b), are stronger than for any of
the ¢— combinations. As shown in Figure [3.15]c), there are more data points contributing to these
slopes and correlations than there were for the ¢p—7 analyses. This is because there are almost always
cloud retrievals within a 1°x1° grid box, whereas successful aerosol retrievals may not always exist,

particularly for completely cloudy grid boxes.

The Aqua-MODIS CERES SSF regression slopes, Figure [3.15d), are considerably steeper than
those for Collection 5. The strongest slopes occur in the same locations as for Collection 5, namely
in the subtropical South Pacific, South Atlantic and Indian Oceans. The correlations, Figure [3.15(e),

are very similar to those for Collection 5, both in spatial distribution and magnitude.

The AATSR slopes, Figure [3.15](g), are also consistently negative and of a similar magnitude to

the Aqua-MODIS Collection 5 slopes. The correlations, Figure [3.15(h), are slightly weaker than
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Figure 3.15: Same as Figure but for results of a lin—lin ordinary least squares regression fit of cloud
fraction (f.) to cloud top temperature (7}, K), assuming f. = a + bTiop + €.

for either of the MODIS datasets, although they are still relatively strong. As can be seen in Fig-

ure [3.15((i), there are far fewer contributing data points than for the MODIS datasets.

The AeroCom Median slopes, Figure [3.13(j), are almost always negative, although they are
slightly less steep than in any of the satellite datasets. The correlations, Figure [3.15(k), are in reason-

able agreement with the satellite datasets.



3.3. CONCLUSIONS 71

Negative relationships between 7},, and f. are consistently observed, showing a positive relation-
ship between cloud height and f.. These relationships are likely explained by meteorology and cloud

layer statistical considerations, discussed below.

Firstly, meteorological conditions which are conducive to the formation of high clouds may also
be conducive to high cloud fractions. For example, frontal clouds near the centre of an extratropical
cyclone often have high tops and also lead to high f., as will be discussed in Chapter [6] Also, high
cirrus cloud often covers large regions. However, counterexamples, which potentially suggest the
opposite relationship, also exist. For example, stratocumulus clouds are very low and yet often lead
to high f.. It is interesting to note that some of the weakest correlations occur in the stratocumulus
regions to the west of the coasts of southern Africa, South America and California.

Secondly, even if clouds were randomly distributed in different atmospheric layers, it should
be expected that situations with lots of cloud (high f.) should also be situations where high cloud
obscures much of the lower cloud below. Although no relationship between f. and average cloud

height would exist, a relationship between f. and cloud top height would exist.

3.3 Conclusions

This chapter aimed to consider the following two questions: What are appropriate ways of quantify-
ing and presenting relationships between aerosol optical depth (7) and different cloud properties on
global scales? What relationships between aerosol optical depth and different cloud properties can be
observed across the world for different satellite and GCM datasets? The cloud properties investigated
were liquid cloud droplet number concentration (/Vy), liquid cloud droplet effective radius (r.), cloud
top temperature (7},,) and cloud fraction (f.). The daily gridded satellite datasets used came from
Aqua-MODIS Collection 5, Aqua-MODIS CERES SSF (which includes Collection 4 7) and AATSR
(GlobAEROSOL 7 and ORAC cloud properties). Alongside these, GCM data from the AeroCom
indirect effects intercomparison project was also used, with median model results being shown in
this chapter.

Two methods of quantifying and presenting relationships between 7 and the cloud properties
were employed. Both methods involved displaying results on maps, in addition to providing global

means. As mentioned in Section[2.3] maps have the advantage of being able to show how results vary
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for different regions of the world, without needing to make assumptions about homogeneity across

pre-defined regions.

First, the difference in mean cloud properties between low 7 and high 7 conditions, categorised
according to seasonal grid-box 7 medians, were shown on maps (e.g. Figure [3.5)). These differences
are relatively easy to understand conceptually, providing a measure of how the absolute value of a

cloud property varies between low and high 7 conditions.

Second, linear regression fits of each cloud property versus 7 were calculated. The form of each
fit was chosen based on theoretical considerations and empirical coefficients of determination for
the Aqua-MODIS Collection 5 data (e.g. Figure[3.6). The following fits were chosen: In N; — In7
(log-log), Inr. — In7 (log-log), T},, — 7 (lin-lin) and f. — In 7 (lin—log). The regression slopes were
averaged to 15°x15° using the grid-method of Chapter[2] in order to reduce noise and insignificance
whilst also having a high enough resolution to show how the slopes vary for different parts of the
world (e.g. Figure[3.4). For N, and r., there are strong theoretical reasons for using such regression
slopes to quantify the cloud albedo effect (Equations and [1.8)). For other cloud properties, such
as Ti,p and f,, the slopes still provide a quantitative measure of how the cloud property varies with
7. However, assumptions are made about the nature of the relationship, and only three forms of fit
(log-log, lin—log and lin-lin) are tested although other fits might be more successful. Correlation
coefficients were shown on maps alongside the regression slopes. The coefficients of determination
(the square of these correlation coefficients) indicate how much of the variance in the cloud property

can be explained by the fit against 7.

Both methods of quantifying and displaying relationships between cloud properties and 7 were
used in this chapter, both being appropriate tools for investigating the relationships. For N, and 7.,
the second method is probably the most useful because this is a common way to quantify the cloud
albedo effect. For 7},, and f., the choice of method may vary according to the situation. For example,
the first method is used in Chapter[d] because of its simplicity in providing an indication of how cloud

fraction varies between low and high 7 conditions, whereas the second method is used in Chapter [6]

Over ocean, N, is generally positively correlated with 7 in all three of the satellite datasets, as
predicted by the cloud albedo effect. The global error-weighted mean regression slopes of In N,
versus In 7 vary between +0.14 and +0.20 for the results presented here. Over land, there is much

more disagreement about the signs of the relationships, with the global error-weighted mean slopes
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varying between —0.12 and +0.13. The lower bounds are produced by AATSR and the upper bounds
by Aqua-MODIS CERES SSF over both ocean and land. The AeroCom Median produces positive
relationships over both ocean and land, with slopes that are steeper than observed in the satellite

datasets.

The satellite datasets provide little constraint on the r.—7 relationships, with global error-weighted
mean Inr,, versus In7 regression slopes varying in the ranges —0.042 to +0.049 over ocean and
—0.012 to 4-0.042 over land. The lower and upper bounds are provided by Aqua-MODIS CERES
SSF and AATSR respectively. Liquid water path is not accounted for in these calculations. For the

AeroCom Median, the slopes are generally negative.

All three satellite datasets generally observe negative relationships between 7T},, and 7, indicating
positive relationships between cloud top height and 7. The global error-weighted mean regression
slopes vary in the ranges —7 K to —28 K over ocean and —3 K to —21 K over land, with the lower
bounds from AATSR and the upper bounds from Aqua-MODIS Collection 5. The median of the
AeroCom models, which do not include representations of aerosol effects on convection, generally

produces far weaker relationships than the satellite datasets.

Positive relationships between f,. and 7 are almost always observed in all three satellite datasets.
The correlation coefficients are larger than for any of the other cloud properties. The global mean
differences in f. between low and high 7 conditions vary in the ranges +0.09 to +0.20 over ocean
and +0.10 to +0.20 over land. AATSR and Collection 5 provide the lower and the upper bounds
respectively. The AeroCom Median also generally produces positive relationships, although negative

relationships are sometimes observed in the tropics.

Strong negative relationships between f. and 7},, are found in all three satellite datasets and
also in the AeroCom Median. It is suggested that these f.—T},, relationships may either be due to
meteorological covariance or arise as a statistical outcome of having clouds randomly distributed in

different atmospheric layers.

Many of the observed relationships between cloud properties and 7 are consistent with aerosol in-
direct effects on clouds. In particular, the cloud albedo effect predicts positive relationships between
N, and 7, as observed over ocean. Positive relationships between cloud top height and 7 and be-
tween f. and 7 have also been predicted and have been observed elsewhere (Section [I.4). However,

other possible explanations for these relationships exist (Section [I.5). In this chapter, the possible
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contribution of spatial climatological effects has been accounted for by following the methodological
recommendations of Chapter[2] The potential contributions of satellite data errors and meteorological
effects remain outstanding. In Chapters [5/and [ one possible approach for investigating the role of
large-scale meteorological conditions is proposed. But before this, Chapter [ considers the possible

explanations for relationships between f. and 7.



Chapter 4

Investigating the relationship between
aerosol optical depth and cloud fraction

using satellite, reanalysis and GCM data

The previous chapter presented global relationships between observed aerosol optical depth (7) and
cloud properties. All three satellite datasets generally showed globally strong positive relationships
between 7 and cloud fraction (f.). In this chapter, we further investigate the f.—7 relationships.

As mentioned in Section many possible reasons for observed relationships between aerosol
and cloud properties exist. Following Quaas et al.| (2010), of particular relevance to the f.—7 rela-

tionships are the following potential mechanisms:

1. The spatial scale effects discussed in Chapter 2] may lead to spurious f.—7 relationships. This
potential problem has already been avoided in the results presented in the previous chapter and

will continue to be avoided in the current chapter.

2. Satellite data errors may lead to positive f.—7 relationships. Pixels in thin and broken cloud
fields, with high f., may be mistakenly flagged as cloud-free when they are contaminated
by cloud, leading to erroneously high 7 retrievals (Huang et al., 2011). Furthermore, three-
dimensional scattering of light by inhomogeneous clouds may also lead to erroneously high
T retrievals (Varnai and Marshak!, |2009). A possible way to avoid these problems may be to
combine satellite-retrieved f. data with reanalysis-forecast 7 data, assuming that these 7 data

do not suffer from residual cloud contamination due to assimilation from satellite datasets.

75
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Koren et al.| (2010) follow a similar approach by combining chemical transport model 7 data
with MODIS cloud data when investigating deep convective clouds over the Atlantic ocean.

GCM data should not suffer from this problem.

. The simple aerosol cloud lifetime effect conceptual model would predict positive f.— relation-

ships (Albrecht, |1989), assuming 7 is a suitable surrogate for cloud condensation nuclei con-
centration (Andreae, 2009). Many GCMs attempt to simulate this effect by coupling aerosol
to the stratiform cloud microphysics scheme, an effect that can often be switched on or off,

although a large model error may exist.

. Relative humidity may drive positive f.—7 relationships (Quaas et al., 2010). Cloud fraction

generally increases with relative humidity. Aerosols swell hygroscopically in high relative
humidity conditions, increasing 7 (Seinfeld and Pandis, |1998). GCMs should be able to repro-
duce this effect, particularly as cloud cover parameterizations are generally heavily dependent
on relative humidity (e.g. Sundqvist et al., |1989)), although there may be significant model
errors. GCM-modelled dry 7, which assumes no hygroscopic aerosol growth, allows for this

relative humidity effect to be accounted for, as demonstrated by Quaas et al. (2010).

. Other meteorological factors may lead to spurious f.—7 relationships. For example, 10-metre

wind speed is capable of explaining a significant part of observed f.—7 relationships (Engstrom
and Ekman, |2010). A potential contribution of large-scale extratropical cyclones is considered

in Chapter [0 GCMs should be capable of reproducing these meteorological effects.

. Wet scavenging of aerosols by precipitation (Seinfeld and Pandis,, | 1998]) might lead to negative

fo— relationships. This assumes that higher f. corresponds to a higher probability of precip-
itation. GCM aerosol modules all simulate wet scavenging as the major removal mechanism

for atmospheric aerosol.

. Cloud processing of aerosols may alter the optical properties of aerosols. Most aerosol particles

created in clouds are very small and therefore unlikely to significantly increase 7, and larger
particles are often scavenged (Seinfeld and Pandis, [1998). However, some larger particles may
also be produced (Su et al., 2008)). It has been suggested that, far away from sources, aerosol
particles have been cycled through clouds approximately three times (Pruppacher and Jaenicke,

1995).
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In order to investigate some of these possible mechanisms, two additional tools are used in this
chapter. Firstly, Monitoring Atmospheric Composition and Climate (MACC) project reanalysis-
forecast 7 data (MACC, 2011; Section are used in an attempt to compensate for cloud con-
tamination in the Aqua-MODIS 7 data (second point above). Secondly, the ECHAMS5-HAM GCM
(Section is used to investigate the cloud lifetime effect, relative humidity and wet scavenging
contributions (third, fourth and sixth points above).

The following questions are asked in this chapter:

1. May the observed f.—7 relationships be partly due to cloud contamination errors?
2. Is ECHAMS-HAM capable of modelling the observed f.—7 relationships?

3. What are the reasons for the f.—7 relationships in ECHAMS-HAM?

4.1 Method

The satellite data used in this chapter are from the official Aqua-MODIS Science Team Collection
5 level 3 daily 1°x1° cloud and aerosol dataset (MYDO08_D3; Section [[.2.4). Total cloud fraction
(f.) and aerosol optical depth at 550 nm (7) are of interest here. The data used in this chapter cover
2003-2007.

As mentioned above, cloud contamination of 7 retrievals may cause spurious f.—7 relationships,
something that may be avoidable by pairing satellite-derived f. with 7 from a reanalysis-forecast
aerosol dataset. However, residual cloud contamination may remain and model errors may be in-
troduced. The reanalysis-forecast 7 data used in this chapter are from the MACC project (MACC,
2011, Section [I.3.4), interpolated from 1.125°x1.125° to 1°x1° in order to match the MODIS data.
MACC data from two different forecast time-steps, relative to the assimilation time of 00 UTC, are
used: t+3hour; t+ 24 hour from assimilation the previous day. The t+ 24 hour forecast 7 is likely
to have less residual cloud contamination but more model error than the t+ 3 hour forecast 7. It is
assumed that the reanalysis-forecast 7 at a particular time during the day are representative of the 7 at
the satellite overpass time, corresponding to the f. data. As with the Aqua-MODIS data, the MACC
7 data used here cover 2003-2007.

Data from the ECHAMS-HAM GCM are also used (Section[I.3]). As mentioned in Section [I.3]

the HAM aerosol model has been coupled to the cloud microphysics, allowing the cloud albedo
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and cloud lifetime aerosol effects to be represented. Of particular interest here is the cloud lifetime
effect on f.. Six simulations are performed. Three of these use the Sundqvist cloud cover scheme,
which parameterizes f. using relative humidity as the only input (Sundqvist et al., [1989)); three use
the statistical Tompkins cloud cover scheme, which uses a prognostic probability density function
of water vapour, considering processes such as convection, turbulence and microphysics (Tompkins,
2002). For each cloud cover scheme, three simulations are conducted: a Control run, with aerosol
indirect effects represented; a NoAIE run, with no aerosol indirect effects (fixed NV;); a NoConvScav
run, with aerosol indirect effects represented but with no convective wet scavenging of aerosols. All
simulations use year 2000 present-day aerosol and precursor emissions (Dentener et al., 2006). All
simulations are nudged to year 2000 meteorology using ERA-40 reanalysis data, preceded by a three
month spin-up period from October 1999. All simulations are run at T63 horizontal and L31 vertical
resolution. Data are output everywhere at 6 hourly temporal and 1.875° x 1.875° spatial resolution.
The f. data are calculated assuming maximum-random overlap of cloud layers (Stubenrauch et al.,
2008)). In addition to 7 from all simulations, dry 7 output from the Control simulations is also used.
Following |Quaas et al.| (2010), dry 7 is calculated by reducing the extinction coefficient of each
aerosol mode by the volume fraction of water for that mode, approximating the 7 that would be

calculated if there was no hygroscopic swelling of the aerosols.

As in the previous chapter, the daily data are categorized into two cases: low 7 conditions, where
7 is less than the median for that grid-box, season and dataset; high 7 conditions, where 7 is greater
than the median. The mean f. for each grid-box, season and dataset is then calculated for low 7 and
high 7 conditions, before averaging across all four seasons to show annual mean fields. Again, the

analysis is limited to 60°S—60°N.

4.2 Results and discussion

Figure 4.1[(a) shows the annual mean Aqua-MODIS Collection 5 total cloud fraction (f.) for low
aerosol optical depth (7) conditions, where 7 is less than the seasonal grid box median for each
grid box and season. Purple and blue indicate low f. values, while yellow, orange and red indicate
high f. values. Extratropical land areas often have low f. whereas the extratropical oceans and the

Inter-Tropical Convergence Zone (ITCZ) have high f..
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Figure 4.1: Annual (all seasons) mean cloud fraction (f..) for low 7 (7 < seasonal grid box median; first col-
umn) and high 7 (7 > seasonal grid box median; second column) conditions, and the difference between these
(third column), for Aqua-MODIS Collection 5 (first row), the ECHAMS-HAM Sundqvist Control simulation
(second row) and the ECHAMS-HAM Tompkins Control simulation (third row). Grey represents missing data.
The area-weighted mean (AWM) and median (Med) for both ocean and land are shown beneath each map. The
first row is very similar to that of Figure[3.T1}

Figure [4.1[b) shows the corresponding annual mean f, for high 7 conditions, where 7 is greater
than the seasonal grid box median. It can be clearly seen that f. generally increases between low 7
and high 7 conditions, indicating positive f.—7 relationships. This has been observed in other studies,
such as those by [Koren et al.|(2005)) and[Kaufman et al.|(2005) who investigated clouds over the North

Atlantic ocean using earlier MODIS data. Figure[d.1]c), the differences in f, between low and high 7

conditions, shows that these positive f.—7 relationships are global. Particularly strong relationships,
shown in darker shades of red, are found over the subtropical oceans, southern South America and

eastern North America. The relationship over the extratropical southern oceans is weaker. Over
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Figure 4.2: Annual (all seasons) mean difference in cloud fraction (f.) between low 7 (7 < seasonal grid box
median) and high 7 (7 > seasonal grid box median) conditions for Aqua-MODIS Collection 5 f, combined
with three different versions of MACC 7: (a) MACC t+ 3 hour 7; (b) MACC t+ 3 hour 7 sampled where Aqua-
MODIS Collection 5 7 exist; (c) MACC t+ 24 hour 7. The area-weighted mean (AWM) and median (Med) for
both ocean and land are shown beneath each map.

ocean, there is a mean increase in f. of 0.20 from 0.51 to 0.71; over land, there is also a mean
increase of 0.20 from 0.30 to 0.50.

An increase of 0.2 in f, is relatively large. For example, assuming an idealised ocean albedo of
0.0 and a cloud albedo of 0.5, a 0.2 increase in f. may lead to an albedo increase of order 0.1 over
ocean. Given a solar constant of 1370 Wm™2, averaged to 340 Wm~2 across the surface of the earth,
an albedo increase of 0.1 would correspond to a shortwave radiation decrease of order 30 Wm™2 at
the top of the atmosphere. Of course, this shortwave decrease might be offset be a sizeable longwave
increase, particularly if the cover of high clouds increases.

In the previous chapter, two other satellite datasets (Aqua-MODIS CERES SSF; AATSR ORAC
f with GlobAEROSOL 1) were also investigated. It was shown that positive f.—7 relationships also
exist for these datasets, although the relationships are not as strong as in the Aqua-MODIS Collection
5 data (Figure [3.T1).

As previously stated, the positive f.—7 relationships are not necessarily due to aerosol indirect
effects on cloud. Cloud contamination of aerosol retrievals provides one potential explanation. In
an attempt to provide an approximate correction for this, the Aqua-MODIS Collection 5 f, data are
paired with MACC reanalysis-forecast 7 data. The results of categorising according to low and high
MACC t+ 3 hour 7 conditions are shown in Figure 4.2(a). Globally positive f.—7 relationships are

again evident, although they are generally weaker than cases when MODIS 7 is used. The relation-



4.2. RESULTS AND DISCUSSION 81

ships are still strong over the extratropical ocean, and the relationships are even larger than before
for parts of the extratropical North Pacific. For a few small regions, notably parts of the extratropical
South Pacific, the extratropical South Atlantic and the equatorial Atlantic oceans, weak negative f.—7
relationships are observed, indicated by pale blue. Over ocean, the global mean increase is now 0.12;

over land, the increase is 0.15.

It is worth noting that the data contributing to Figures[.1|(c) and 4.2 a) sample different situations:
MODIS 7 retrievals do not exist for completely cloudy grid boxes, whereas MACC 7 data exist
everywhere. Sampling differences such as these often impact results (Sayer et al., 2010b)). In order to
investigate the impact of this sampling difference, 4.2]b) shows the corresponding results for when
the MACC t+ 3 hour 7 are sampled according to Aqua-MODIS 7 data availability. As can be seen,
Figures [4.2)(a) and (b) are relatively similar, showing that the sampling choice does not have a large
impact. The sampled data generally produce slightly weaker f.—7 relationships, particularly over

land.

Some residual cloud contamination may remain in the MACC 7 data due to the assimilation of
satellite-retrieved 7. This contamination should decrease for longer forecast times from assimila-
tion, although model errors will increase as the forecast length increases. The MACC-MODIS f.—7
relationships for a longer MACC forecast of t+ 24 hour are shown in {.2|c). The relationships are
generally weaker than for t+ 3 hour, although the spatial patterns are similar. Negative f.—7 relation-
ships are more evident in the tropics for the t+24 hour 7 data. Over ocean, the global mean increase
i1s 0.07; over land, the increase is 0.10. This suggests that cloud contamination may account for
approximately one half of the observed global increase in f,. over ocean. However, it is difficult to

disentangle the contributions from residual cloud contamination and model errors.

Results for the ECHAMS-HAM Sundqvist Control simulation are shown in Figures [4.1(d)—(f).
The global mean f. is lower than the MODIS f.. However, it is worth noting that it is difficult to
compare absolute values of f. between different datasets, because f. is dependent on resolution. The
differences in f. between low and high 7 conditions bear much similarity to those for the MODIS—
MACC combinations. The spatial distribution of positive and negative relationships is remarkably
similar between the Sundqvist Control and the MODIS-MACC t+ 24 hour data, although the re-
lationships are generally stronger in the Sundqvist Control. The strong positive f.—7 relationships

observed over the subtropical oceans, southern South America, North America, Asia and Australia
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are of similar size to those for the MODIS-MACC combinations. Further agreement is found in the
extratropical ocean, where the relationships are weaker, with some weak negative relationships in the
extratropical southern oceans. As observed in the MODIS-MACC t + 24 hour data, negative f.—7 re-
lationships are found over parts of the tropics, particularly South-East Asia, although these negative
relationships are much stronger in the Sundqvist Control data. These negative relationships, which
occur primarily over the tropical ocean, greatly reduce the global mean increase in f. to 0.03 over
ocean. Over land, the global mean increase is 0.11, comparable to the MODIS-MACC t+ 24 hour

results.

The f, results for the ECHAMS-HAM Tompkins Control simulation, shown in Figures 4.1[(g)-
(i), are similar to those for the Sundqvist Control. The global mean f. values are slightly larger
in the Tompkins Control due to tuning differences between the two cloud schemes. Over ocean,
the subtropical positive f.—7 relationships are slightly weaker in the Tompkins Control than in the
Sundqvist Control, leading to a smaller global ocean mean f. increase of 0.01. Over land, the global

mean increase is 0.11 for the Tompkins Control, very similar to that for the Sundqvist Control.

Seven possible mechanisms for f.—7 relationships were suggested at the beginning of this chap-
ter. The first of these, namely spatial gradient effects, has been avoided by conducting the analysis
on small regions of 1°x1° and displaying the results on maps. The second of these, namely cloud
contamination of 7, has been partially mitigated in the MODIS—-MACC results and does not impact
the ECHAMS-HAM model results. Four possible mechanisms remain for explaining the ECHAMS-
HAM Control results. Two of these would predict positive f.—7 relationships: the aerosol cloud
lifetime effect and hygroscopic growth of aerosol in high relativity humidity conditions. One would
predict negative f.—7 relationships: wet scavenging of aerosol by precipitation. The contributions
of these three effects to the ECHAMS-HAM Control results are now investigated. The two remain-
ing possible mechanisms, whereby spurious f.—7 relationships are caused by other meteorological

factors or cloud processing of aerosols, are not tested here.

First, the contribution of the cloud lifetime effect is investigated. The ECHAMS-HAM Control
simulations contained a representation of the cloud albedo and cloud lifetime effects. These aerosol
indirect effects were not included in the ECHAMS-HAM NoAIE simulations. The differences in f.
between low and high 7 conditions for these NoAIE simulations are shown in Figures[4.3((a) and (d).

For both the Sundqvist and the Tompkins cloud cover schemes, the differences in f, for the NoAIE
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Figure 4.3: Same as Figurebut for six different ECHAMS5-HAM simulations.

simulations are similar to those for the Control simulations. A slight weakening of positive f.—7
relationships occurs over many subtropical ocean areas, and the differences in the southern Indian
Ocean become more negative. However, a slight strengthening of positive f.—7 relationships occurs
over land for the NoAIE runs, opposite from what would be expected from the conceptual cloud
lifetime effect. These results suggest that the model simulated indirect effects are not the primary

mechanism responsible for the positive f.—7 relationships observed in the Control simulations. This

is consistent with the findings of [Lohmann et al.| (2006) and (Quaas et al./(2010).

Second, the contribution of relative humidity is investigated. In order to do this, dry 7 from
the Control simulations is used instead of total 7. The radiative calculation of dry 7 assumes that the
aerosol particles have not grown hygroscopically, providing a measure of column aerosol amount that
is independent of humidity. The annual mean total 7 and dry 7 fields for the the Sundqvist Control
simulation are shown in Figures[d.4[(a) and (b). The fields are very similar for the Tompkins Control
and the NoAIE simulations. Because 7 is heavily dependent on aerosol size, dry 7 is generally much

lower than 7, as can be seen.

The f. differences between low and high dry 7 conditions in the Control runs are shown in Fig-
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Figure 4.4: Annual (all seasons) mean aerosol optical depth (7) for ECHAMS-HAM simulations. The area-
weighted means (AWM) and median (Med) for both ocean and land are shown beneath each map. The Tomp-
kins simulations have very similar annual mean 7 fields to the respective Sundqvist simulations. The NoAIE
simulations have very similar annual mean 7 fields to the Control simulations.

ures [4.3(b) and (e). It can be clearly seen that using dry 7 removes the majority of the positive f.—7
relationships over ocean. Many land areas retain positive f.—dry 7 relationships. However, these
positive relationships are significantly weakened compared to when total 7 is used. A global mean
negative f.—dry 7 relationship is found over both ocean and land for both the Sundqvist and the
Tompkins Control runs. These results demonstrate that relative humidity is the primary driver for the

positive f.— relationships in ECHAMS-HAM, in agreement with Quaas et al.| (2010).

Third, the contribution of wet scavenging is investigated. The negative f.—7 relationships in the
Control runs are generally found in the tropics, where convective precipitation dominates, constitut-
ing 95% of the 20°S-20°N precipitation in the Sundqvist Control. It is these negative relationships
which are of interest here, so wet scavenging by convective precipitation is switched off for the No-
ConvScav simulations. Scavenging by stratiform cloud precipitation remains. Wet scavenging is a
major removal mechanism for aerosol in ECHAMS-HAM. As a result, 7 is generally much higher
in the the NoConvScav simulations compared to the Control simulations, particularly in the tropics,
as can be seen by comparing Figures [4.4(a) and (c). The lifetime of aerosols in GCMs is typically
approximately two weeks when scavenging is turned on. Switching off convective scavenging in-
creases 7 by a factor of approximately three, suggesting a lifetime of approximately six weeks for
the NoConvScav simulation. Therefore the three month spin-up should allow these concentrations to

reach an equilibrium by the start of the year 2000 analysis period.
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Figures [4.3(c) and (f) show the f. differences between low and high 7 conditions for the No-
ConvScav simulations. Most of the negative f.—7 relationships found in the tropics of the Control
simulation are removed, becoming positive in the NoConvScav simulations. This demonstrates that
wet scavenging by convective precipitation is the primary reason for the strong negative f.—7 rela-
tionships found in the tropics of the Control simulations. Interestingly, the f.—7 relationships become
more negative for many extratropical ocean areas in the NoConvScav simulations compared to the
Control Simulations. This may be because wet scavenging by stratiform cloud precipitation may
become a more significant aerosol removal mechanism in the NoConvScav runs, leading to more

negative relationships in regions where stratiform precipitation dominates.

4.3 Conclusions

Regularly gridded daily data were categorised into low aerosol optical depth (7) conditions and high
7 conditions, based on the median 7 for each grid box and season, for several datasets. Annual mean
cloud fraction (f.) was calculated for low and high 7 conditions, based on the 7 categorisation. The

difference in annual mean f. was also calculated, and the results were shown on maps.

For the Aqua-MODIS daily level 3 7 and f,. data, globally consistent increases in f. between low
and high 7 conditions were found, indicating positive f.—7 relationships. A global mean f, increase

of 0.2 was observed for both ocean and land.

Categorising the Aqua-MODIS f. data according to MACC reanalysis-forecast t+ 3 hour 7 data
generally resulted in a weakening of the observed positive f.—7 relationships. It was demonstrated
that the weakening was not due to sampling differences. The positive relationships were weakened
further for a longer MACC forecast period of t+ 24 hour. This provides some evidence to suggest
that part of the positive f.—7 relationships observed in the MODIS data may be due to retrieval
errors, although the weakening of the relationships may also be due to MACC model errors. Positive
fe—T relationships were still observed to dominate globally for the MODIS-MACC combinations,
particularly in the tropics. However, negative relationships emerged over the parts of the tropics and
extratropical southern oceans in the t+ 24 hour data. Over ocean, global mean f, increases of (.12
and 0.07 were found for t+ 3 hour and t + 24 hour respectively. Over land, global mean f. increases

of 0.15 and 0.10 were found.
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The results of the ECHAMS-HAM Control simulations generally agreed well with the MACC-
MODIS results in the subtropics and extratropics. In agreement with the MODIS-MACC t + 24 hour
results, negative f.—7 relationships were found in parts of the tropics. However, these negative rela-
tionships were found to be much stronger in the ECHAMS-HAM Control simulations. By running
NoALIE simulations, in which aerosol indirect effects were switched off, it was demonstrated that the
cloud lifetime effect is not the primary contributor to positive f.—7 relationships in ECHAMS-HAM.
Rather, the positive relationships are primarily due to the hygroscopic swelling of aerosols in high
relative humidity conditions, as was demonstrated by using dry 7 instead of total 7. By running No-
ConvScav simulations, in which convective wet scavenging was switched off, it was demonstrated
that the negative f.—7 relationships in the tropics are primarily due to wet scavenging by convective
precipitation in ECHAMS-HAM. These results were similar for both the Sundqvist and the Tompkins
cloud cover schemes.

This chapter investigated the possible contributions of satellite data errors, aerosol indirect effects,
relative humidity and wet scavenging to observed relationships between 7 and f.. The following two

chapters consider the possible contribution of extratropical cyclones.



Chapter 5

The effect of extratropical cyclones on

column aerosol properties over ocean

Most of the work presented in this chapter, excluding that which uses the
MACC data, has been published in Grandey et al. (2011) (B. S. Grandey,
P. Stier, T. M. Wagner, R. G. Grainger and K. |. Hodges, The effect of extra-
tropical cyclones on satellite-retrieved aerosol properties over ocean, Geo-
phys. Res. Lett., 38, L13805, 2011, doi: 10.1029/2011GL047703).

Meteorological effects may lead to spurious correlations between aerosol and cloud properties, as
discussed in Section It is therefore important to understand the effect synoptic systems may
have on cloud and aerosol properties.

Previous compositing studies have looked at the dynamical structure of extratropical cyclones
(e.g. |Catto et al., |2010) and the effect that extratropical cyclones have on clouds over ocean (Lau
and Crane, 1995| [1997; Norris and lacobellis, 2005; [Wang and Rogers| 2001} (Chang and Song,
20065 Field and Wood, 2007} [Field et al., 2008). This chapter seeks to complement these previous
studies through the production of storm-centric composites of satellite-retrieved total column aerosol

properties over ocean. In this chapter, the following question is asked:
1. What effect do extratropical cyclones have on column aerosol properties over ocean?

The compositing methodology and the data used in this chapter are introduced in Section[5.1} The

87
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results are presented and discussed in Section[5.2] A summary of the main conclusions is provided

in Section[5.3]

5.1 Method

In this chapter, storm-centric composites are produced using satellite-retrieved aerosol properties
over ocean from both the MODerate resolution Imaging Spectroradiometer (MODIS) on Aqua and
the Advanced Along-Track Scanning Radiometer (AATSR) on ENVISAT. Aerosol optical depth at
550nm (7) and fine-mode fraction data from the MODIS Science Team Collection 5 Atmosphere
Level 2 Joint Product are used (Remer et al., 2005). The MODIS aerosol data are provided at ap-
proximately 10 km x 10 km resolution. No wind speed dependent sea-surface reflectance correction
is applied in the Collection 5 aerosol retrieval. Five years (2003—-2007) of MODIS data, covering all

se€asons, are used.

In order to allow comparison with an independent aerosol dataset which has a wind speed de-
pendent sea-surface reflectance correction, AATSR 7 and Angstrém exponent data retrieved by the
Oxford-RAL Retrieval of Aerosols and Clouds (ORAC) as part of the GlobAEROSOL project are
also used (Thomas et al., [2009; Sayer et al., [2010a, Section . Each GlobAEROSOL daily file
provides data on a 10 km x 10 km sinusoidal grid. The accuracy of both of these retrieval algorithms
is discussed in Kokhanovsky et al. (2010). Again, data covering 2003—2007 are used.

Relative vorticity at 850 hPa, zonal and meridional components of the 10-metre wind, mean sea
level pressure (py) and 850 hPa relative humidity (R H) are provided in European Centre for Medium
Range Weather Forecasts (ECMWF) ERA-Interim reanalysis data. The reanalysis data used here
are at 6 hourly temporal and 1.5° x 1.5° spatial resolution. Wind speed (u) is calculated using the
10-metre wind vector components. The data used in this chapter cover 2003-2007.

MACC project reanalysis aerosol data for 2003-2007 are also used here (MACC, [2011, Sec-
tion [[.3.4). The aerosol optical depth (7) is available for different aerosol components. Results
for the sea-salt 7 (including aerosol water) as well as the total 7 are presented in this chapter. The
aerosol data are not available at the assimilation time-step of 00 UTC, so the closest forecast time-

step, t+ 3 hour, is chosen.

One year of ECHAMS5-HAM GCM data are also used (Section [I.3). Two ECHAMS5-HAM runs



5.1. METHOD 89

are conducted: one with year 2000 present-day (PD) aerosol and precursor emissions and one with
pre-industrial (PI) aerosol and precursor emissions Dentener et al. (2006). These emission datasets
are those used for the AeroCom experiment. The meteorology is nudged to ERA-40 reanalysis data
for the year 2000. The GCM is run at T63 horizontal and L31 vertical resolution. Data are output
everywhere at 6 hourly temporal and 1.875° x 1.875° spatial resolution. ECHAMS5-HAM 7, total

precipitation rate, relative vorticity at 850 hPa, py and 10-metre winds are used in this chapter.

Extratropical cyclones are tracked using TRACK, which uses an adaptive tracking algorithm to
objectively identify and track meteorological features in GCM data (Hodges, 1995, 1999). TRACK
has been configured to track the 850 hPa relative vorticity associated with extratropical cyclones,
henceforth referred to as storms. Storms which persist for less than two days or move a distance of
less than 1000 km are not considered. For analysing the MODIS, AATSR and MACC aerosol data,
extratropical cyclones are tracked in the ERA-Interim 850 hPa relative vorticity field covering 2003—
2007. For analysing the ECHAMS-HAM data, extratropical cyclones are tracked separately in the
850 hPa relative vorticity field of the ECHAMS-HAM PI run, which has been nudged to meteorology

for the year 2000.

For each storm at each model time-step, py, RH, the wind data and the model (MACC or
ECHAMS-HAM) aerosol data are regridded at 200 km x 200 km resolution on a 4000 km x 4000 km
domain centred on the storm. In order to produce storm-centric satellite-retrieved aerosol data, the
tracked cyclone locations and relative vorticities are interpolated to five minute temporal resolution,
using a parametric cubic spline with time as the parameter. If Aqua-MODIS or AATSR retrieved
aerosol data exist within a 4000 km x 4000 km storm-centric domain, then the aerosol data are re-

gridded at 25 km x 25 km resolution on the storm-centric domain.

The storm-centric regularly gridded model and satellite data for individual storms are then com-
posited. The advantages of looking at a composite storm are that data coverage of the storm-centric
domain will be increased significantly, that noise will be reduced and that background variability
will be largely removed, making some statistically relevant large-scale structure more evident than
in individual cases. In order to reduce the unrepresentative influence of extreme aerosol events, the

composites are produced using medians.

In order to compare against average conditions, the reanalysis and satellite data are also regridded

with respect to storm tracks which have been translated temporally by one year. This allows for the
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production of all-conditions composites from data which are blind as to whether or not a storm is
present in the domain but which also have the same seasonal and locational sampling as the storm-
centric composites. All-conditions composites are not constructed for the ECHAMS-HAM data due

to there only being one year of ECHAMS-HAM data.

Composites for storms over the North Atlantic ocean (NA; 50°W-10°W, 30°N-55°N) and South
Atlantic ocean (SA; 50°W-10°E, 55°S-30°S) are compared. A minimum 850 hPa relative vorticity

threshold of 7 x 1075 s~! has been chosen, leading to median storm-centre p, values of 988 hPa and

980 hPa for the NA and the SA respectively.
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Figure 5.1: Aqua-MODIS Collection 5 all-conditions aerosol optical depth (7; a, d), storm-centric 7 (b, )
and storm-centric fine-mode fraction (n; c, f) median composites for the North Atlantic (NA; a—c) and the
South Atlantic (SA; d—f) oceans. Composite ERA-Interim mean sea level pressure (pg, hPa; white contours)
and wind vectors (black arrows) are over-plotted. The wind vector scale is provided at the right-hand edge.
Positive meridional displacements are poleward of the storm centre. The data cover 2003-2007. A minimum
850 hPa relative vorticity threshold of 7 x 107> s~ is used.
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5.2 Results and discussion

Figures [5.1(a) and (d) show all-conditions MODIS 7 composites for the NA and the SA. Although
some noise is evident, these composite fields are relatively smooth and no large-scale structure is
evident. It can be seen that the NA generally experiences higher 7 than the SA, most likely due to
anthropogenic aerosol pollution advected from North America.

Storm-centric 7 composites are shown in Figures[5.1(b) and (e). Towards the edge of the domains,
T is similar to that of the corresponding all-conditions composites, with higher 7 for the NA than the
SA. However, towards the centre of the domain it can be seen that storms can have a strong effect on
7 compared to average conditions. For both the NA and the SA, 7 increases near the centre of the
storm-centric composites, peaking equatorward of the low pressure centre.

In order to provide an indication of the size distribution of the observed aerosol, storm-centric
MODIS fine-mode fraction is shown in Figures [5.1]c) and (f). Near the edge of the storm domain
it can be seen that fine-mode fraction is higher for the NA than the SA, consistent with there being
more anthropogenic fine-mode aerosol in the NA. In the regions of higher u near the centre of the
composites, where the enhanced 7 was also observed, fine-mode fraction is smaller, indicating the
presence of larger aerosols.

Two physical mechanisms may explain the increase in 7 and decrease in fine-mode fraction to-
wards the centre of the composite storms. First, increasing » will result in increased sea-salt emission
(Lewis and Schwartz, |[2004)). Bubble bursting during whitecap generation is the primary mechanism
for sea-salt aerosol emission. These whitecaps generally form at wind speeds of 4 ms™! and greater
(O’Dowd and de Leeuw, 2007). The whitecap fractional coverage, and hence sea-salt emission,
increases as u increases, forming a basis for emission parameterizations (Gong, [2003). However,
the \Gong (2003) emission parameterization may overestimate emission at high w, and it may under-
estimate emission at low u if sea-surface temperature is not taken into account (Jaeglé et al., 2011).
Uncertainties remain concerning the emission flux of aerosol from the ocean surface (de Leeuw et al.|
2011). Sea-salt aerosol is often large, so increasing » would result in a decrease in fine-mode fraction
alongside an increase in 7, as observed.

Second, RH, shown in Figure[5.2] is higher nearer the centre of the storm, leading to hygroscopic
growth of aerosol particles (Seinfeld and Pandis, [1998)). This too would result in a decrease in fine-

mode fraction as well as an increase in 7.
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In addition to the two physical mechanisms mentioned above, it is possible that the results ob-
served in Figure may be due to a retrieval error. Increasing u leads to a brightening of the ocean
surface. This would lead to an increase in retrieved 7 and may also affect fine-mode fraction. This
sea-surface reflectance effect is not corrected for in the MODIS Collection 5 aerosol data. It is also
worth noting that some of the aerosol retrievals may be contaminated by cloud such as thin cirrus
(e.g. Huang et al., 2011)), although this would not explain the storm-centric 7 and fine-mode fraction
patterns shown in Figure [5.1]

In order to investigate the possible contribution of a surface reflectance retrieval error to these ob-
servations, Figure[5.3|shows similar composites for GlobAEROSOL AATSR data. The GlobAEROSOL
AATSR retrieval has a wind speed dependent sea-surface reflectance correction, although some resid-
ual sea-surface reflectance contamination may remain. This retrieval is independent of the MODIS

retrieval.
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Figure 5.2: ECMWF ERA-Interim storm-centric 850 hPa relative humidity (RH, %) median composites for
the North Atlantic (NA; a) and the South Atlantic (SA; b) oceans. Composite ERA-Interim mean sea level
pressure (pg, hPa; white contours) and wind vectors (black arrows) are over-plotted. The wind vector scale is
provided at the right-hand edge. Positive meridional displacements are poleward of the storm centre. The data
cover 2003-2007. A minimum 850 hPa relative vorticity threshold of 7 x 1075 s~ is used.
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As can be seen in Figure [5.3] the AATSR composites provide incomplete coverage and are sig-
nificantly noisier than the MODIS composites shown in Figure[5.1] This is due to AATSR having a
smaller swath width than MODIS. The presence of missing data in the poleward part of the AATSR
composites is due to there being fewer AATSR retrievals at high latitudes compared to lower lati-

tudes.

However, despite the noise, the AATSR composites have a similar structure to the MODIS com-
posites. The all-conditions 7 is higher in the NA than in the SA. The GlobAEROSOL AATSR 7
observations are higher than the MODIS 7 observations in the NA. AATSR 7 is generally higher in
regions of higher u towards the centre of the storm domains compared to regions of lower u. The
third column of Figure shows storm-centric composites of Angstrém exponent, which is inversely
related to aerosol size. It can be seen that aerosol size increases towards the centre of the composite

storms, as was also observed in the MODIS composites.
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Figure 5.3: Same as Figure but for GlobAEROSOL AATSR all-conditions aerosol optical depth (7; a, d),
storm-centric 7 (b, €) and storm-centric Angstrém exponent («; ¢, f) median composites. White fill represents
missing data.
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Both the MODIS and AATSR datasets indicate an increase in 7 near the centre of the composite
storms. The fact that these observations apply to two independent satellite datasets, one of which has
a wind speed dependent sea-surface reflectance correction, suggests that surface reflectance effects
cannot fully account for these observations. Therefore, one or both of the physical mechanisms of

sea salt emission and hygroscopic growth must be a major contributor to these observations.

As mentioned above, both RH and u generally increase towards the centre of the storm domain.
As can be seen in Figure [5.2] storm-centric composite RH generally peaks very close to the centre
of the storm domain, being negatively correlated to py, with pp—RH pattern correlation coefficients
(Glickman, 2000) of r = —0.75 and » = —0.93 for the NA and the SA respectively. Storm-centric
composite v is also correlated to py, with pg—u r = —0.76 and » = —0.41 for the NA and the
SA respectively, but u peaks equatorward of the storm centre. As can be seen in Figures and
storm-centric 7 also peaks equatorward of the storm centre, with a similar spatial pattern to the winds.
Visual comparison of 7 and the wind fields of the storm-centric composites in Figures [5.1] and [5.3|

suggests that u is the dominant explanatory variable for 7.

This is investigated further by looking at u—7 and RH -7 pattern correlations. Storm-centric 7 is
regridded to the 200 km x 200 km resolution of the v and RH fields. Figure[5.4(a) shows an example
scatter plot of NA storm-centric MODIS 7 against u. As can be seen, there is an approximately
linear relationship between u and 7, with a good pattern correlation (r = 0.83). A linear relationship
between v and 7 is consistent with the findings of Smirnov et al. (2003) and other studies referenced
by them. By comparison, the scatter plot of NA storm-centric MODIS 7 against RH, Figure [5.4(b),
shows a much weaker and less linear relationship between RH and 7 (r = 0.32). This supports
the argument that v is the primary explanatory variable for NA storm-centric MODIS 7. The u—
RH pattern correlation (r = 0.62) is stronger than the RH -7 correlation, suggesting that non-
orthoganality between v and RH may be driving the RH—7 correlation. Interestingly, for fixed w,
looking along a vertical line in Figure [5.4(a) or a fixed color in Figure [5.4(b), there often appears to
be a negative R H—r correlation, opposite to that which would be expected for the conceptual aerosol

hygroscopic growth model.

A linear regression model, of form 7(u) = a + bu, has been fitted to the NA storm-centric 7 data
shown in Figure [5.4(a). The resulting coefficients are shown in the first row of Table This model

has then be used to make a prediction of 7 using u as the only input field. The resulting NA storm-
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centric 7(u) is shown in Figure [5.4(c). By visual inspection of Figures [5.1(b) and [5.4|¢), it can be
clearly seen that a linear regression model based only on u is capable of reproducing the significant

features of NA storm-centric MODIS 7.

For comparison, Figures d)—(f) show corresponding scatter plots and predicted 7(u) for NA
storm-centric AATSR 7. It can be seen that a linear relationship between u and 7 is less clear here
than it is for the MODIS data. A lower pattern correlation is found, probably due to a combination
of increased noise in the AATSR data and surface reflectance effects in the MODIS data. However,

as with the MODIS data, it can be seen that « is a more appropriate explanatory variable than RH.

The first four rows in Table[5.1|contain u—7 and RH—7 pattern correlation coefficients, as well as
u linear regression model coefficients, for the different MODIS/AATSR and NA/SA combinations.

The r values show that 7 is always more strongly correlated to u than to RH.

For both MODIS and AATSR separately, the intercept (a) is lower in the NA than in the SA,
consistent with higher background pollution in the NA. The slopes (b) for NA MODIS, SA MODIS
and NA AATSR 7(u) are comparable. However, b is much lower for SA AATSR 7(u). The reason
for the higher MODIS and NA AATSR b may be that MODIS overestimates the u—7 relationship
due to surface reflectance effects and AATSR amplifies high 7. The values of a and b calculated
here for SA storm-centric composite AATSR 7 (a = 0.0813, b = 0.0034 £ 0.0003) are similar to
those previously found for the remote southern ocean by |[Huang et al.| (2010) (¢ = 0.0850 £ 0.0002,

b = 0.0040 £ 0.0002) who used temporally and spatially matched 7 and u data in their analysis.

U RH
b (m™'s) a r r

NA MODIS 7 0.00974+0.0003 0.0496 0.83 0.32
SAMODIS = 0.0111£0.0004 0.0041 0.83 0.22
NA AATSR = 0.008940.0006 0.0997 0.57 0.17
SA AATSR 7 0.0034+0.0003 0.0813 0.54 0.19
NA MODIS n  -0.018440.0007 0.5793 -0.80 -0.38
SAMODIS»n -0.0115+£0.0007 0.4621 -0.61 -0.21
NA AATSR o -0.0388+0.0033 0.7575 -0.51 -0.05
SA AATSR o« -0.0461+0.0038 0.8030 -0.52 0.04

Table 5.1: Linear regression slopes (b), intercepts (a) and pattern correlation coefficients (r) of aerosol prop-
erties (aerosol optical depth 7, fine-mode fraction 77 and Angstrom exponent «) against wind speed () across
the North Atlantic (NA) and South Atlantic (SA) storm-centric composite domains. The final column contains
r for aerosol properties against relative humidity (RH). The pattern correlation coefficients between u and
RH are 0.62 and 0.54 for the NA and the SA respectively.
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The final four rows of Table [5.1] show pattern correlation coefficients and w linear regression
model coefficients for the aerosol size parameters. These also show strong relationships with w,
although the linear models for the size parameters do not work quite as well as for the 7(u) models.

In order to test further the hypothesis that much of the observed storm-centric 7 is due to sea-salt
emission, composites are produced using MACC reanalysis 7 data. Figures[5.5(a) and (b) show all-
conditions composites of the MACC total 7 data. For the NA, the mean MACC 7 is comparable to
that of AATSR, being higher than that of MODIS. For the SA, MACC 7 is higher than in either of
the satellite datasets. There is an unexplained peak in MACC 7 in the centre of the NA all-conditions
composite, a feature which is unobserved in the satellite all-conditions NA composites. It is possible
that this disagreement with the satellite datasets may be due to sampling difference (Sayer et al.,

2010b). Low 7 values are observed at the polewards end of both the NA and the SA all-conditions

Figure 5.4: (a) Scatter plot of North Atlantic (NA) storm-centric composited Aqua-MODIS aerosol optical
depth (7) against wind speed (u) colored according to relative humidity (RH). Each point in the scatter plot
corresponds to a 200 km x 200 km grid point in Figure 1(b). (b) A similar scatter plot for 7 against RH,
colored according to u. (c) u-fitted linear model predicted 7(u) based on the coefficients in the first row of
Table 7(u) = 0.0496 4+ 0.0097u. (d-f) Similar to (a—c), but for NA AATSR 7. Similar scatter plots and
u linear model predictions for the other MODIS and AATSR aerosol properties for both the NA and the South
Atlantic (SA) can be viewed in Appendix E}
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composites.

The NA storm-centric composite of MACC total 7, Figure[5.5[b), is quantitively similar to that of
AATSR, once again being higher than that of MODIS. As for the all-conditions composites, the SA
storm-centric composite of MACC 7, Figure[5.5](e), is higher on average than in either of the satellite
datasets. Both have the strong peak in 7 near the storm-centre, a very similar feature to that observed
in the satellite composites. Storm-centric composites of MACC sea-salt 7, Figures [5.5(c) and (f),
demonstrate that this peak is primarily due to sea-salt in the MACC data. The peak matches the wind
speed field more closely than the RH field. This provides further evidence that the increase in 7 near

the centre of the storm-centric composites is due to increased emission of sea-salt via increased wind
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Figure 5.5: MACC Reanalysis t+ 3 hour forecast all-conditions total aerosol optical depth (7; a, d), storm-
centric total 7 (b, e) and storm-centric sea-salt 7 (c, f) median composites for the North Atlantic (NA; a—c)
and the South Atlantic (SA; d—f) oceans. Composite ERA-Interim mean sea level pressure (pg, hPa; white
contours) and wind vectors (black arrows) are over-plotted. The wind vector scale is provided at the bottom
left-hand edge of each plot. Positive meridional displacements are poleward of the storm centre. The data
cover 2003-2007. A minimum 850 hPa relative vorticity threshold of 7 x 107° s~ is used.
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speeds.

Corresponding storm-centric median composites of ECHAMS-HAM total 7 for the present-day
(PD) run over the NA and the SA are shown in Figures [5.6(a) and (d) respectively. An enhancement
in 7 equatorward of the storm centre is again clearly visible. These are generally lower than the
storm-centric 7 for the MODIS, AATSR and MACC datasets, particularly in the polar air westward
and poleward of the storm centre. In agreement with the other datasets, storm-centric 7 is higher
over the NA compared to over the SA. The 7 composites for the pre-industrial (PI) run are shown

in Figures [5.6(b) and (e). For the NA, there is a large decrease in 7 between the PD and PI runs,
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Figure 5.6: Storm-centric median composites of ECHAMS5-HAM present-day (PD) aerosol optical depth (7;
a, d), pre-industrial (PI) 7 (b, e) and PD total precipitation rate (c, f) over the North Atlantic ocean (NA; a—c)
and the South Atlantic Ocean (SA; d—f). Composite ECHAMS-HAM mean sea level pressure (hPa; white
contours) and wind vectors (black arrows) are over-plotted. The wind vector scale is provided at the bottom
left-hand edge of each plot. Positive meridional displacements are poleward of the storm centre. The data
cover one year, with meteorology nudged to the year 2000. A minimum 850 hPa relative vorticity threshold of
7 x 107°s7 ! is used.
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consistent with a decrease in the background anthropogenic aerosol concentrations. For the SA,
where there is less anthropogenic aerosol, the decrease is much smaller. In fact, the storm-centric 7
is similar for PI NA, PD SA and PI SA, demonstrating that the main reason for higher storm-centric

7 over the NA is due to higher anthropogenic aerosol concentrations compared to over the SA.

Comparing Figure [5.6(a) with Figure [5.4(c), it can be seen that the ECHAMS-HAM 7 does
not match the wind field as closely as might be expected. In particular, the ECHAMS-HAM 7 is
very low at the storm centre, and it peaks slightly further equatorward than the region of maximum
wind speed. The ‘hole’ in 7 in the immediate vicinity of the storm centre may be due to model
precipitation scavenging much of the aerosol. Storm-centric median composites of ECHAMS-HAM
total precipitation rate are shown in Figures[5.6{c) and (f). It can be seen that the region of maximum
of precipitation corresponds closely to the ‘hole’ of low 7. It is possible that too much aerosol may
have been scavenged by the model precipitation, and that this might be responsible for the particularly

low 7 in the polar air.

5.3 Conclusions

As demonstrated, midlatitude synoptic storm systems have a significant effect on storm-centric com-
posite aerosol properties, with retrieved aerosol optical depth and aerosol size increasing substantially
in regions of high wind speed near the centre of extratropical cyclones over ocean. By producing
composites of both MODIS Collection 5 aerosol data, which have no wind speed dependent sea-
surface reflectance correction, and GlobAerosol AATSR aerosol data, which do have a wind speed
dependent sea-surface reflectance correction, it has been shown that sea-surface reflectance effects
alone cannot account for the observed storm-centric aerosol signals. Pattern correlations and linear
regression models, applied across the storm-centric composite domains, have shown that wind speed
is a suitable explanatory variable for the aerosol properties. The results are consistent with wind
speed dependent emission of sea-salt. Further evidence in support of this interpretation has been
provided by composites of MACC reanalysis sea-salt aerosol optical depth data.

Higher satellite-retrieved 7 data were observed in the North Atlantic ocean composites com-
pared to the South Atlantic ocean composites. Composites of ECHAMS-HAM pre-industrial and

present-day aerosol simulations confirmed that this difference is primarily due to higher anthro-
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pogenic aerosol concentrations in the North Atlantic ocean.
Midlatitude storms are also a major driver of variation in cloud properties (Field and Wood,
2007). The extent to which extratropical cyclones may be responsible for driving satellite-observed

relationships between midlatitude aerosol and cloud properties will be explored in Chapter [6]



Chapter 6

The contribution of extratropical cyclones to

observed aerosol—cloud relationships

In Chapter [5 it was shown that the high wind speeds associated with extratropical cyclones can
increase sea-salt emission, increasing the aerosol optical depth and decreasing the fine-mode fraction.
Other studies (e.g. Field and Wood, 2007) have shown that these synoptic systems can affect cloud
properties. In both cases, storm-centric compositing has been shown to be a fruitful approach. Here,
the storm-centric compositing methodology is applied to the investigation of observed relationships
between aerosols and clouds. The relative vorticity of each storm and position relative to the storm
centre are considered in an attempt to provide a simplified description of the large-scale forcing of

aerosols and clouds by extratropical cyclones. The following question is considered in this chapter:

1. Can spurious relationships between aerosol and cloud properties be explained by considering

simply the relative vorticity of extratropical cyclones and position relative to the storm centre?

The data and methodology used are explained in Section[6.1] Results are presented and discussed

in Section Conclusions are summarised in Section[6.3]

6.1 Method

This chapter uses daytime data from the MODIS Science Team Collection 5 Atmosphere Level
2 Joint Product for the Aqua satellite, covering 2003-2007 (Section (1.2.4). In addition to the

10km x 10 km aerosol optical depth (7) data used in the previous chapter, this chapter also uses

101
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5km x 5 km cloud top temperature (7},,) and cloud fraction (f,) data. Liquid cloud top properties,
such as liquid cloud droplet number concentration, are not investigated here because much of the
extratropical cyclone domain is dominated by high clouds with cold tops, as will be shown. Strict
ocean-retrieval-only masking is applied to the 7 data only. Retrievals of 7},, and f. are likely to
be far less sensitive to surface albedo changes between land and ocean. As in the previous chapter,
ERA-Interim 850 hPa relative vorticity (w), zonal and meridional components of the 10-metre wind

and mean sea level pressure are also used.

The storm-centric gridding methodology is almost identical to that explained in Section[5.1] Here,
the level 2 satellite data are gridded to a lower resolution of 200 km x 200 km, the same as the ERA-
Interim data, since this seems to be a sensible choice of co-location scale for much of the aerosol—
cloud interaction analysis. At this scale, the assumption of clear-sky 7 being representative for the
grid box should hold, such that 7 can be assumed to be co-located with 7},, and f. (Anderson et al.,

2003).

First, in order to illustrate how 7, T},, and f. change between weaker and stronger storms, median
composites for a weaker relative vorticity range of 3 < w < 5x107°s~! are shown alongside those
for the stronger vorticity range of w > 7x 1075 s~ used in Chapter The weaker vorticity range was
chosen to sample a similar number of storms to the stronger vorticity range. To provide an indication
of the data spread within each of these vorticity ranges, lower and upper quartile composites are
produced to complement the median composites. For example, Figure |6.3|shows the T},, composites
for the North Atlantic (NA) ocean. Over the NA ocean, the median storm-centre mean sea level
pressures are 1008 hPa for the weaker range and 998 hPa for the stronger range. Over the SA, these

median pressure minima are 990 hPa and 980 hPa.

Second, following Chapter |3} regression slopes and correlations of the cloud properties versus
7 are calculated for the all-conditions data and for the storm-centric data. This is done for each
200 km x 200 km grid box in the domain. The full range of vorticities, w > 1x107° s, are used for
the regression and correlation calculations. Following Chapter (3| a lin—lin fit is used for 7},, versus
7 and a lin—log fit is used for f. versus 7. For example, the regression slopes and correlations of NA

T}op versus 7 are shown in the first two columns of Figure @

Third, in order to investigate the extent to which storm strength may be able to explain the ob-

served relationships, the 7 and cloud property data are shuffled for each grid box within narrow
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vorticity ranges of 1x107°s~! before recalculating the regression slopes and correlations. By ran-
domising the pairing of the cloud and 7 data before calculating the relationships, the contributions
due to retrieval errors and aerosol—cloud interactions are largely removed. However, they may not be
completely removed because some correctly matched cloud property and 7 pairs may remain after
5g-1

shuffling, most likely for stronger storms with w > 10x10~ where there are fewer storms in a

given 1x107%s7!

interval. Because this shuffling occurs within narrow w ranges, the shuffled cloud
and 7 data remain functions of w. So the calculated relationships between shuffled 7 and the cloud
properties represent the synoptic component which can be explained by w and position in the storm-
centric domain. Of course, no strong relationships should be found for the shuffled all-conditions
data which are also included as a control. For example, the third and fourth columns of Figure [6.3]
show the regression slopes and correlations of NA Tj,, versus 7, where the data was first shuffled
within each narrow vorticity range.

Most of the results for the NA (50°W-10°W, 30°N-55°N) and the South Atlantic ocean (SA;
50°W-10°E, 55°S-30°S) are shown in this chapter. The SA T;,, and f, median, lower quartile and

upper quartile composites are shown in Appendix [D}]

6.2 Results and discussion

6.2.1 Aerosol optical depth (7)

Figures [6.1(a)—(c) show the lower quartile, median and upper quartile storm-centric composites of
Aqua-MODIS Collection 5 Aerosol Optical Depth (7) for North Atlantic ocean (NA) storms with
relative vorticity (w) in the range 3 < w < 5x107°s~!. The lower quartile composite has low 7
across most of the domain, indicated by the blue, with a slight enhancement in the region of high
wind speeds to the south-east of the storm centre. There is also a slight enhancement in the south-
east corner of the domain, far away from the storm-centre, most likely due to background conditions
in the North Atlantic. In the median composite, a slight enhancement is also visible just to the south-
east of the storm centre, but is weak compared to the background. A decrease in the south-western
and northern parts of the domain is visible in the median composite, likely due in part to the low

wind speeds here, although frontal clearance and the advection of polar air may also play a role. This

decrease is more striking in the upper quartile composite, showing that high 7 values are uncommon
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Figure 6.1: Storm-centric (a, d) lower quartile, (b, e) median and (c, f) upper quartile composites of Aqua-
MODIS aerosol optical depth (7) for two 850 hPa relative vorticity (w) ranges for the North Atlantic ocean.
Median composites of ERA-Interim mean sea level pressure (pgp; white contours) and wind vectors (black
arrows) are over-plotted. The wind vector scale is provided at the bottom left-hand edge of each composite.
Positive meridional displacements are poleward of the storm centre. The data cover 2003—2007.

to the north-west of the storm centre and in the south-western part of the domain for this vorticity

range.

Figures d)—(f) show corresponding composites for a stronger vorticity range of w > 7x 1079 s~ 1,
This stronger vorticity range is the same as that used in Chapter [5] so the median is similar to that
shown in Figure [5.1(b) apart from the difference in resolution. Much of the discussion in Chapter [5]
applies here too. The strong enhancement of 7 in the regions of high wind speed to the south and east
of the storm centre is visible in both the lower quartile and the upper quartile composites in addition
to the median composite. This storm-centric enhancement is much stronger for the stronger vorticity

range than it is for the weaker vorticity range commented on above.

For both vorticity ranges, there is an average 7 increase of order 0.05 between the lower quartile
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Figure 6.2: Same as Figure but for Aqua-MODIS aerosol optical depth (7) over the South Atlantic ocean.

and median composites, and an increase of order 0.07 between the median and the upper quartile
composites. This is quite a large spread compared to the average enhancement of less than 0.01
due to the change in vorticity. However, near the centre of the storm domain, the signal due to the
vorticity change is of order (.05, comparable to the average differences between the medians and the
quartiles.

The corresponding South Atlantic ocean (SA) composites can be seen in Figure [6.2]. They are

similar to those for the NA, but with a lower background 7 level as observed in Chapter [5

6.2.2 Cloud top temperature (73,,)

Figures [6.3]a)—(c) show the lower quartile, median and upper quartile storm-centric composites of

Aqua-MODIS Collection 5 cloud top temperature (73,,) for NA storms with relative vorticity in the

range 3 < w < 5x107°s~!. The lower quartile tends towards sampling scenes where cold high
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Figure 6.3: Same as Figure but for Aqua-MODIS cloud top temperature (73,,, K) over the North Atlantic
ocean.

cloud dominates, whereas the upper quartile tends towards scenes where warm low cloud can be
seen. A shield of colder higher cloud can be discerned to the east of the storm centre in all three of
the composites. Relatively cold cloud can also be seen in the advected cold polar air in the north-west
of the storm-centric domain. In the lower quartile, a band of warmer cloud can be seen to the west of
the storm centre, indicating a general absence of high clouds here. A general meridional gradient in
T}op exists, with warmer clouds generally observed at the equatorward edge of the domain.

The composites for the stronger vorticity range of w > 7x107?s~! are shown in Figures d)—
(f). It can be seen from the mean sea level pressure contours, shown in white, that deeper pressure
minima occur for these stronger storms. These composites have similar general features to those
commented on above. The shield of cold high cloud is larger and colder for the stronger vorticity
range than it is for the weaker vorticity range. This is to be expected, since this shield of high cloud

is synoptically driven.
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Figure 6.4: Terra-MODIS level 3 cloud top temperature (73,,) storm-centric mean composite for the North
Atlantic ocean, produced by [Field and Wood (2007). Note the different colour scale compared to Figure [6.3]
[From Field, P. R. and Wood, R.: Precipitation and Cloud Structure in Midlatitude Cyclones, J. Climate, 20,
233-254, doi:10.1175/JCLI3998.1, 2007. (© American Meteorological Society. Reprinted with permission.]

For comparison, the NA 7T;,, mean composite plot of [Field and Wood (2007) is shown in Fig-

ure [6.4] [Field and Wood| (2007) used a different storm identification and compositing methodology

to that used here, identifying extratropical cyclones based on surface pressure gradients and minima.
Their mean composite of 73,, has similar features to the median composites produced here and shown

in Figure[6.3] The T},, values of the Field and Wood| (2007) composite are somewhere between those

for the two vorticity ranges used here. Similarly, their mean storm-centre mean sea level pressure of
approximately 1000 hPa is between the median storm-centre values of 1008 hPa and 988 hPa for the
NA composites produced here.

For both vorticity ranges, the domain average increase in 7;,, between the lower quartile and
the median is approximately 17 K. The increase between the median and the upper quartile is ap-
proximately 10 K. The domain average decrease between the weaker composites and the stronger
composites is of order 5 K, considerably smaller than the spread between the quartiles. However, the
strengthening of the high cloud shield can result in some grid boxes seeing decreases of up to 20 K.

The SA T,,, composites are very similar, so they are not shown in this chapter. For reference,
they can be viewed in Appendix [D|Figure

Relationships between T},, and 7 are now investigated in a storm-centric context. Figure @a)
shows the regression slopes of 13,, versus 7 for each grid box of the NA all-conditions gridded data.

It can be seen that negative regression slopes, indicated by blue, are found almost everywhere in
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Figure 6.5: (a) All-conditions results of a lin—lin ordinary least squares regression fit of Aqua-MODIS cloud
top temperature (7},,, K) versus aerosol optical depth (7) over the North Atlantic ocean. Non-stippled slopes
are statistically insignificant at the two-sigma confidence level. (b) Similar to (a), but for 73,, and 7 data which
has been shuffled within each narrow relative vorticity range. (c) Linear Pearson correlation coefficients (r)
corresponding to the slopes shown in (a). Median composites of ERA-Interim mean sea level pressure (po;
white contours) and wind vectors (black arrows) are over-plotted. (d) Correlation coefficients corresponding
to the slopes of the shuffled data shown in (b). (e)—(g) Similar to (a)—(d), but for storm-centric data rather than
all-conditions data.

the domain. Taken individually, almost all of these regression slopes are statistically insignificant at
two-sigma confidence, indicated by the lack of stippling. However, the error-weighted mean (EWM)
for the whole domain is an order of magnitude larger than the associated one-sigma error. Since
these regression slopes are for all-conditions, it would be expected that they should be similar to
the NA T,,, versus 7 regression slopes calculated in Chapter [3} Comparison of the NA portion of

Figure a) with Figure [6.5(a) reveals that this appears to be the case.

The corresponding storm-centric regression slopes are shown in Figure [6.5(e). As mentioned in
Section [6.1] the full vorticity range of all tracked storms is used. It can be seen that the storm-centric
regression slopes are very similar to those for all-conditions. The storm-centric EWM of —15.2K
is slightly steeper than the all-conditions EWM of —14.9 K. However, the one-sigma error of 0.9 K

suggests that this smaller difference may be insignificant. This shows that analysing relationships
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between NA 7, and 7 in a storm-centric context appears to make little discernible difference to the

results.

As outlined in Section the 7}, and 7 data are next shuffled for each grid box within narrow
vorticity ranges of 1x1075s~!. The regression slopes are then recalculated. This random shuffling
largely removes spurious correlations between 73,, and 7 induced by indirect effects and correlated
retrieval errors. The simplified large-scale synoptic contribution described by w and position in the
storm domain is retained. Since w and position are meaningless references for the all-conditions
data, it should be expected that the shuffled all-conditions slopes should be approximately zero. This
is indeed the case, as Figure [6.5(b) shows. The all-conditions slope EWM of 0.1K is an order of
magnitude smaller than that for the non-shuffled all-conditions data and it is much smaller than the

associated one-sigma error of 0.9 K, rendering it insignificantly different from zero.

The slopes for the shuffled storm-centric data, shown in Figure [6.5(f), are also very small. The
EWM of —0.2 K is slightly steeper than for the shuffled all-conditions data, but it is still much smaller
than both the one-sigma error and the non-shuffled EWM. These results show that there is no evi-
dence to suggest that large-scale w and position relative to the storm centre, representing a simplified
description of synoptic forcing by extratropical cyclones, can explain spurious relationships between

7 and T3,

The all-conditions and storm-centric correlation coefficients (), shown in Figures [6.5(c) and
(g), are also very similar to one another. The observed correlations are negative, of order —0.2 on
average, and comparable to the NA correlations shown in Figure 3.10(b). The correlations for the
shuffled all-conditions and storm-centric data are shown in Figures [6.5(d) and (h). They are two
orders of magnitude smaller than for the non-shuffled data. These observations for the correlation

coefficients are consistent with those made for the regression slopes.

Corresponding regression slopes and correlations for the SA are shown in Figure [6.6] The lat-
itudes have been inverted, with the poleward (southward) direction pointing to the top of the page.
The EWM regression slopes for the non-shuffled data are stronger for the SA than for the NA, and
there is a stronger meridional gradient, with the slopes becoming steeper nearer the equator. This
stronger meridional gradient in the SA is also apparent in Figure 3.10[(b). As was the case for the
NA results, the difference between the all-conditions and the storm-centric EWM regression slopes is

statistically insignificant, being smaller than the one-sigma error. Although the storm-centric shuffled
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Figure 6.6: Similar to Figure but for lin—lin fits of cloud top temperature (73,,) versus aerosol optical
depth (7) over the South Atlantic ocean.

regression slope EWM of —0.7 K is steeper than for the NA, it is still statistically insignificant. Sim-
ilar remarks can be made for the SA correlations as were made for the NA correlations. Again, there
is no evidence to suggest that the simplified description of large-scale synoptic forcing, described by

w and position in storm domain, can explain spurious relationships between 7 and 7.

6.2.3 Cloud fraction (f,)

The lower quartile, median and upper quartile storm-centric composites of Aqua-MODIS Collection

I are shown in

5 cloud fraction (f.) for storms with vorticity in the range 3 < w < 5x107°s~
Figures [6.7(a)—(c). Blue indicates low f. while red indicates high f.. It can be seen there are often
very high f. values in the polewards part and the centre of the storm domain. Even in the lower
quartile, f. values larger than 0.8 are observed towards the centre of the storm domain. This feature
corresponds to the cloud shield with cold 7},, commented on above. In the upper quartile, the entire

domain contains large f. values, with the upper quartile composite domain mean being 0.965.

It is worth noting that these large fractional cloud covers may affect 7 data in two ways. First,
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Figure 6.7: Same as Figure but for Aqua-MODIS cloud fraction (f.) over the North Atlantic ocean.

no aerosol retrievals will occur for grid boxes with complete cloud cover, biasing the 7 data towards
situations with lower f. values. Second, cloud contamination of 7 may be correlated with f., as
mentioned in Section[5.2] However, the 7 composites do not show a general meridional gradient in
7, only an enhancement near the storm centre, whereas the f. composites show a strong meridional
gradient. This suggests that potential cloud contamination cannot explain the observed 7 composites
shown in Figure [6.1] However, it is possible that cloud contamination may still contribute towards

observed relationships between aerosol and cloud properties, as discussed in Chapter 4}

Figures[6.7(d)—(f) show the lower quartile, median and upper quartile storm-centric f, composites
for the stronger vorticity range of w > 7x107°s~!. These composites have similar spatial patterns
to those for the weaker vorticity range, but with higher values of f.. The domain mean f, differences
between the two vorticity ranges are approximately 0.1, 0.07 and 0.02 for the lower quartile, median

and upper quartile composites respectively. This shows that storm strength can have a large effect
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Figure 6.8: Similar to Figure but for lin-log fits of cloud fraction (f.) versus aerosol optical depth (7)
over the North Atlantic ocean.

on f.. However, the domain mean differences between the lower quartile and the median, of order
0.2-0.3, and between the median and upper quartile, of order 0.1, show that there is also a large

variation within each of these vorticity ranges.

The corresponding SA f. composites are very similar to those for the NA, so they are not shown

here. For reference, they are included in Appendix [D|Figure [D.2]

It has been shown that both 7 and f. generally increase with storm strength, suggesting that the
large-scale synoptic conditions of extratropical cyclones may lead to spurious relationships between

these two variables. Quantitative relationships between 7 and f, are now investigated.

Figure[6.8|a) shows the all-conditions regression slopes of f, versus In 7. Positive slopes, shown
in red, are observed everywhere in the all-conditions domain, approximately consistent with the NA
part of Figure @a). In contrast to the T3,, versus 7 regression slopes of Figure @ which were
insignificant for most grid boxes when considered individually, no grid box of Figure [6.8[(a) has a

statistically insignificant f. versus In 7 regression slope, as shown by the ubiquitous stippling.

The corresponding storm-centric regression slopes, shown in Figure [6.8|e), are similarly non-
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insignificant. The storm-centric regression slopes are very similar to those for all-conditions. There
is a slight weakening in the centre of the storm domain, possibly due to there being little variation in
the high f. values found here. The EWM is very slightly smaller, being 0.163 compared to 0.165. The

errors on these EWMs are more than two orders of magnitude smaller than the EWMs themselves.

As done previously for the T},, and 7 data, the f, and 7 data for each grid box are next shuffled
within each vorticity range of 1x107°s™!. The regression slopes are then recalculated across the
full vorticity range. The NA all-conditions results are shown in Figure [6.8(b). A mixture of positive
and negative slopes are observed. It would be expected that these regression slopes for the shuffled
all-conditions data should be statistically indistinguishable from zero. The magnitude of the EWM
is larger than the one-sigma error. However, it is two orders of magnitude smaller than the all-
conditions EWM for the non-shuffled data and is also opposite in sign, —0.001 compared to 0.165.

This indicates that the shuffling methodology is working approximately as expected.

Figure[6.8|(f) shows the regression slopes for the shuffled NA storm-centric data. Many individual
slopes just to the south and west of the domain centre are positive and non-insignificant, suggesting
that the simplified description of the large-scale synoptics investigated here may indeed explain a
spurious contribution to observed relationships between f. and 7. This part of the domain, to the
south of the storm centre, is also where the winds are strongest. The non-insignificant EWM of
0.004, which is also larger than the all-conditions EWM of —0.001, also supports this suggestion.
However, this EWM is still almost two orders of magnitude smaller than the non-shuffled EWM
of 0.163. Although the simplified large-scale synoptics, described by storm vorticity and position
in the storm domain, may explain a spurious contribution to relationships between f. and 7, this

contribution is very small compared to the total observed f.—In 7 relationships.

Similar conclusions can be made for the f.—In 7 correlation coefficients. The all-conditions and
storm-centric correlation coefficients, shown in Figures[6.8(c) and (g), are very similar to each other
and are consistently positive. They are again approximately comparable to the NA correlations shown
in Figure 3.13[b). The f.—In7 correlations, of order 0.4, are approximately twice as strong as the
Top—T correlations, of order —0.2, as can be seen by comparing Figures [6.8]c) and (g) with Fig-

ures [6.5(c) and (g).

The correlations for the shuffled NA all-conditions f. and In7 data, shown in Figures [6.8(d),

are more than two orders of magnitude smaller. The mean of —0.002 has an opposite sign to that



114CHAPTER 6. CONTRIBUTION OF CYCLONES TO AEROSOL-CLOUD RELATIONSHIPS

Mean=0.143, Med=0.145, Mean=0.001, Med=0.001,
EWM=0.162 0.000 EWM=0.001 = 0.000 Mean=0.369, Med=0.380 Mean=0.003, Med=0.003

2000 2000 2000

&
R

o
33

1000 1000 1000

X

PQQQQQQQQQQ.Q.Q. -1000|

-1000 KX X AKX XX XX XX 0%
RIRSEEELEAKEL KKK,
oo olesesesatetoiotetetelets
R LRI
X 10 9920%
XX

-1000 X X X X -1000 =

Meridional displacement (km)
o

Meridional displacement (km)
o

Meridional displacement (km)
o

Meridional displacement (km)

All-conditions

XX

209500

209560 1000 0 1000 . 2000 20%500 1000 0 1000 2000 209560 1000 0 1000 _ 2000
Zonal displacement (km) Zonal displacement (km) Zonal displacement (km) Zonal displacement (km)
m/s — —

(a) (b) (c) (d)

Mean=0.144, Med=0.144, Mean=0.004, Med=0.003,
EWM=0.166 +0.000 EWM=0.004 +0.000 Mean=0.378, Med=0.379 Mean=0.011, Med=0.010

2000 2000/=—= 2000 =——

<
ZRRL
XXX
XKL

.0

1000 1000 1000

-1000 -1000F 33 -1000f. | 7

Meridional displacement (km)
o

Meridional displacement (km)
o

Meridional displacement (km)
o

Storm-centric

Meridional displacement (km)

SR L . :
1000 0 1000 209560 1600 0 1000 2000 20%00 1000 0 1000 2000 209560 1000 0 1000 _ 2000

Zonal displacement (km) Zonal displacement (km) 10 Zonal displacement (km)
m/s —

(e) ® (2 (h)

L Shuffled e r Shuffled r

|| D | | DN [ | EEEBEEEmaS ]
-0.5 0.0 0.5 -0.5 0.0 0.5 -1 0 1 -1 0 1

Zonal displacement (km)
10 m/s —

Figure 6.9: Similar to Figure but for lin-log fits of cloud fraction (f.) versus aerosol optical depth (7)
over the South Atlantic ocean.

for the non-shuffled all-conditions data and is close to zero, consistent with the regression slopes.
The correlations for the shuffled storm-centric data, shown in Figure [6.8(h), are mostly positive,
particularly near the storm centre. The mean of 0.011 is stronger than that for the shuffled all-
conditions data, but it is still much smaller than the correlations for the non-shuffled data. Again,
this suggests that the simplified description of the synoptics categorised here may be capable of
explaining a spurious contribution to relationships between f. and In 7, but this contribution is much

smaller than the total observed relationships.

Corresponding results for the SA are shown in Figure[6.9] One difference compared to the NA
is that there is a stronger meridional gradient in the regression slopes, consistent with the regression
slopes shown in Figure[3.13[(a). Apart from this difference, the results are very similar to those for the
NA. They provide further support for the conclusion that the simplified description of the large-scale
synoptics can explain spurious relationships between 7 and f.., but that the spurious relationships are

much weaker than observed relationships between 7 and f..
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6.3 Conclusions

In Chapter [5 it was shown that extratropical cyclones affect Aqua-MODIS retrieved aerosol optical
depth (7) over ocean. In this chapter, it was further demonstrated that on average for a given position
in the storm-centric domain, stronger storms generally lead to higher 7 than weaker storms, partic-
ularly near the storm centre. However, this enhancement is generally smaller than the variability in
7 for a given storm strength and position in the storm-centric domain, probably due to variations in
local wind speeds.

Storm-centric composites of cloud properties were also investigated in this chapter, building on
the previous work of Lau and Crane| (1995, |1997), Norris and lacobellis (2005), Wang and Rogers
(2001), [Chang and Song| (2006), [Field and Wood| (2007) and [Field et al.| (2008). It was found that
the median composites of cloud top temperature (73,,) reveal a cold high cloud shield to the north
and east of the storm centre. The extent and height of this shield increases with storm strength. The
domain average T}, is colder for stronger storms compared to weaker storms. However, as for the
T fields, the variability between the quartiles for a given storm strength is generally larger than the
difference due to vorticity changes, except for some grid boxes near the centre of the storm domain.

The cloud fraction (f.) composites show a general increase in f, with storm strength. However,
once again the variability between the quartiles for a given storm strength is generally larger than the
difference between different storm strengths.

Because storm strength has been shown to affect 7, T}, and f,, it seemed plausible to hypoth-
esize that extratropical cyclones may cause spurious relationships between these three properties.
Storm-centric regression slopes and correlation coefficients of 7},, versus 7 and f, versus In 7 were
calculated, following Chapter [3] The observed relationships were comparable to those observed for
the Aqua-MODIS Collection 5 data in Chapter 3]

The 7, T}, and f. were then shuffled within narrow ranges of storm vorticity, before recalculating
the regressions slopes and correlations. This was done in an attempt to remove correlations due to
retrieval errors and genuine aerosol—cloud interactions. By choosing narrow ranges of storm vorticity
and retaining position in the storm domain, a simplified description of the large-scale synoptics of
extratropical cyclones was investigated. This was done in order to answer the question asked at
the beginning of the chapter: Can spurious relationships between aerosol and cloud properties be

explained by considering simply the relative vorticity of extratropical cyclones and position relative
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to the storm centre?

The T},, versus 7 regression slopes for the shuffled data were insignificant, even when averaged
across the storm-centric domain. This showed that the simplified description of the synoptics, de-
scribed by storm vorticity and position relative to the storm centre, is incapable of explaining spurious
relationships between 73,, and 7 for the data used here.

However, the f. versus In 7 regression slopes for the shuffled data were often found to be non-
insignificant. This suggests that the simplified description of the large-scale synoptics can explain
spurious relationships between f. and 7. However, these spurious relationships are far smaller than
observed relationships between f. and 7, which may be better explained by cloud contamination,
relative humidity (Chapter 4) and descriptions of meteorology based on local field variables such
as winds Engstrom and Ekman| (2010). Many of the non-insignificant slopes were found just to the
south of the storm centre, where the winds are generally strongest. This suggests that the synoptically
induced winds, which were largely found to explain the observed storm-centric 7 composites (Chap-
ter [5)), may be the mechanism by which the simplified large-scale synoptics can explain spurious

relationships between f. and 7.



Chapter 7

Conclusions and future work

The climatic importance of aerosol—cloud interactions has been under investigation for over three
decades. [Twomey| (1974, |1977) suggested that cloud albedo changes induced by aerosols might have
a significant effect on the planetary albedo and climate, an effect now known as the cloud albedo
effect or first aerosol indirect effect. Since then, many other aerosol indirect effects on climate via
aerosol—cloud interactions have been proposed.

In recent years, there has been a considerable increase in the availability of in situ and satellite
remote sensing data of aerosol and cloud properties. These observational data have been comple-
mented by increasingly complex computer models. Many strong relationships between aerosol and
cloud properties have been observed. However, the contributions from different potential aerosol
indirect effects are still poorly understood, leading to some of the largest uncertainties in radiative
forcing and future climate change (Forster et al., 2007). This is because aerosols, clouds and their
interactions within the atmosphere represent a highly complex system. It is very difficult to estab-
lish the causal pathways for observed relationships between aerosol and cloud properties. Alongside
genuine aerosol indirect effects on clouds, many other possible mechanisms may contribute to the
observed relationships: cloud and precipitation effects on aerosol; meteorological covariation; ob-
servational data errors; and methodological errors, such as those arising from climatological spatial
gradient effects.

The work presented in this thesis was conducted in an attempt to improve our quantitative un-
derstanding of aerosol—cloud interactions and their role in the Earth’s climate system. Some of the
potential reasons for observed relationships between aerosol and cloud properties have been investi-

gated, building on the work of others. Potential methodological improvements have been identified.
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New methodological techniques have been developed. General circulation model (GCM) experi-

ments have been conducted alongside extensive analysis of satellite and reanalysis data.

Main conclusions are summarised in Section below. Of course, much more work remains to

be done in this important field, and some suggestions for future work are provided in Section

7.1 Conclusions

Analysing satellite datasets over large regions may introduce spurious relationships between aerosol
and cloud properties due to spatial variations in aerosol type, cloud regime and synoptic regime cli-
matologies. This potential problem has largely been overlooked in previous aerosol—cloud interaction
studies. In Chapter 2| which has mostly been published in |Grandey and Stier| (2010), two questions
were asked: What are sensible choices of spatial scale for aerosol—cloud interaction studies? What
effect may spatial scale choices have on global estimates of radiative forcing due to the cloud albedo

effect?

Using regularly gridded daily data retrieved from the MODerate resolution Imaging Spectrora-
diometer (MODIS) instrument on the Terra satellite, relationships between aerosol optical depth (7),
derived liquid cloud droplet effective number concentration (/N;) and liquid cloud droplet effective
radius (r.) were calculated at different spatial scales. Log—log regression slope fits were used because
log—log relationships between N; and 7 and between 7. and 7 are often used to provide a measure
of the cloud albedo effect. Maps of these slopes were produced for different methodological spatial
scale choices.

Generally, positive slopes of In N, versus In 7 were found over the ocean regions, in agreement
with the conceptual cloud albedo effect. However, negative slopes occurred for many land regions.
The spatial distribution of the Inr, versus In 7 slopes showed approximately the opposite pattern,
with generally positive values for land regions and negative values for ocean regions.

It was found that for region sizes larger than 4° x4°, spurious spatial variations in retrieved cloud
and aerosol properties can introduce widespread significant errors to calculations of the regression
slopes. For regions on the scale of 60°x60°, representative of the regional scales used in several
other aerosol—cloud interaction studies, these methodological errors may lead to an overestimate in

global cloud albedo effect radiative forcing of order 80% relative to that calculated for regions on the
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scale of 1°x1°.

Although Chapter [2] focused on Ny and r., similar methodological considerations of spatial gra-
dients may likely apply for analysis of relationships between other cloud properties and 7. It is
recommended that analysis in aerosol indirect effect studies should be conducted on small regional
scales no larger than 4°x4°, before averaging the results to larger regional scales if necessary. In
addition to avoiding errors due to spatial gradients, conducting the analysis at a resolution of order
1°x1° and presenting the results on a map can be an effective way to provide an overview of how
aerosol—cloud relationships vary for different parts of the globe, without making prior assumptions

about the homogeneity of these relationships across large regional scales.

Following the recommendations of Chapter 2] relationships between 7 and various cloud prop-
erties were presented in Chapter [3] Two questions were asked: What are appropriate ways of quan-
tifying and presenting relationships between aerosol optical depth and different cloud properties on
global scales? What relationships between aerosol optical depth and different cloud properties can

be observed across the world for different satellite and GCM datasets?

Four cloud properties were investigated: Ny, ., cloud top temperature (73,,) and cloud fraction
(f.). Regularly gridded daily versions of three satellite datasets were compared: cloud and aerosol
data retrieved by the MODIS Science Team using radiances from the MODIS instrument on board the
Aqua satellite (Aqua-MODIS Collection 5); cloud data retrieved by the Clouds and Earth’s Radiant
Energy System (CERES) Team using Aqua-MODIS radiances together with MODIS Science Team
Collection 4 7 (Aqua-MODIS CERES Single Scanner Footprint, SSF); and Oxford-RAL retrieval
of Aerosols and Clouds (ORAC) cloud data together with GIobAEROSOL 7 data, retrieved using
radiances from the Advanced Along-Track Scanning Radiometer (AATSR) on board Envisat. GCM
data from the Aerosol Comparisons between Observations and Models (AeroCom) indirect effects

intercomparison project were also used.

Appropriate ways of quantifying and presenting the relationships were considered. First, maps
of the mean difference in a cloud property between low and high 7 conditions, categorised according
to seasonal grid-box median 7, were produced. Second, maps of regression slopes and correlation
coefficients were also produced. The shapes of the regression fits were chosen based on both theo-
retical considerations and empirical coefficient of determination goodness-of-fit tests. The following

fits were chosen: In N, versus In 7 (log-log), Inr. versus In 7 (log-log), T}, versus 7 (lin—lin) and
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fe versus In 7 (lin-log).

In all three satellite datasets positive Ny—7 relationships were generally observed over ocean.
The global error-weighted mean regression slopes of In N, versus In 7 varied between 0.14 and 0.20
over ocean, suggesting a variation in cloud albedo effect radiative forcing of up to approximately
40%, depending on the satellite dataset used. There was much less agreement on the sign of the

relationships over land.

There was also little agreement between the satellite datasets for the sign of the r.—7 relationships
over both ocean and land, providing little constraint on these relationships. However, stratification

by liquid water path was not performed here.

Negative T;,,—T relationships were generally observed over both ocean and land in all three satel-
lite datasets, showing that cloud top height and 7 are positively correlated. The global error-weighted
mean regression slopes of 7T3,, versus 7 varied in the ranges —7 K to —28 K over ocean and —3 K to

—21 K over land.

Positive f.—7 relationships were almost always observed over both ocean and land in all three
satellite datasets. These relationships were stronger than for any of the relationships between the
other cloud properties and 7. The global mean differences in f. between low and high 7 conditions
were found to vary in the ranges 0.09 to 0.20 over ocean and 0.10 to 0.20 over land. The strong f.—7
relationships have potentially large implications for climate, particularly if part of the relationship
is due to aerosol increasing the lifetime of the cloud through suppression of precipitation: a change
of 0.2 in global f, could lead to a negative shortwave radiative effect of approximately 30 Wm 2,
an order of magnitude larger than the positive forcing due to greenhouse gases, although this might
partly be offset by a positive longwave radiative effect, particularly if the f. increase is for high

clouds. However, many different mechanisms may be responsible for f.—7 relationships.

The main reasons for f.— relationships were investigated in Chapter [ The first question asked
in Chapter [ considered the possible contribution of cloud contamination of retrieved 7 data: May
the observed f.—7 relationships be partly due to cloud contamination errors? In an attempt to remove
cloud contamination from the 7 data, state-of-the-art reanalysis-forecast 7 data from the Monitoring
Atmospheric Composition and Climate (MACC) project were combined with Aqua-MODIS Col-
lection 5 f. data. Two forecast time-steps of t+ 3 hr and t+ 24 hr after assimilation were used. The

later forecast time-step of t+ 24 hr should contain less cloud contamination but introduce more model



7.1. CONCLUSIONS 121

error compared to the earlier time-step of t+ 3 hr. Over ocean, the global mean f. increase of 0.20
between low and high 7 conditions for the Collection 5 data was reduced to 0.12 and 0.07 when the
t+ 3 hour and t + 24 hour MACC data were used respectively. Over land, the global mean f, increase
of 0.20 was reduced to 0.15 and 0.10 when the MACC data were used. Although it is difficult to
separate the contribution due to additional model error from the contribution due to reduced cloud
contamination, these results suggest that cloud contamination may account for approximately half of

the f.— signal observed in the Aqua-MODIS Collection 5 data.

Even after the attempted partial mitigation of cloud contamination, strong positive f.—7 relation-
ships were found to remain for most of the world in the MODIS-MACC data. The strongest positive
relationships were found to remain in the subtropics. Negative relationships appeared over much of
the tropics when t+ 24 hour MACC data were used. In order to further investigate the reasons for
these relationships, the ECHAMS-HAM GCM was used. The second question of Chapter {4| con-
sidered the suitability of using ECHAMS-HAM here: Is ECHAMS-HAM capable of modelling the
observed f.—7 relationships? Positive f.—7 relationships, generally of similar magnitude to those
observed with the MODIS-MACC combination, were found in the subtropics and extratropics in the
ECHAMS5-HAM data. ECHAMS-HAM produced negative f.—7 relationships in many parts of the
tropics, in general agreement with the MODIS-MACC t+ 24 hour combination, although the neg-
ative relationships were much stronger in ECHAMS-HAM. Overall, ECHAMS-HAM appeared to

capture many of the observed relationships reasonably well.

Having established that ECHAMS-HAM appears to be a suitable hypothesis testing tool for prob-
ing the reasons behind the f.—7 relationships, a third question was asked in Chapter d; What are the
reasons for the f.—7 relationships in ECHAMS-HAM? Running simulations with no representation
of the cloud lifetime effect did not remove the positive relationships, showing that the cloud lifetime
effect was not the major contributor to the positive f.—7 relationships in the model. By replacing
7 with dry 7, it was demonstrated that these positive relationships are primarily due to hygroscopic
growth of aerosol in high relative humidity environments. The negative f.—7 relationships in the mod-
elled tropics can be explained by wet scavenging of convective precipitation, as was demonstrated by
switching convective wet scavenging off in ECHAMS-HAM. In order to test the sensitivity of these
results to the choice of stratiform cloud cover parameterization in the model, the simulations were

repeated for two different stratiform cloud cover schemes. The observations were consistent for both
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cloud schemes.

Although the contribution of relative humidity to f.—7 relationships was investigated in Chap-
ter 4, the possible contribution of other meteorological factors was not analysed. [Engstrom and
Ekman| (2010) demonstrated that 10-metre wind speed can explain part of the observed f.—7 re-
lationships. Meteorological field variables, such as wind speed, are often affected by large-scale
synoptic systems such as extratropical cyclones. Looking at these large-scale systems, rather than
the local meteorological field variables used in other studies, might provide a complementary view

of the meteorological contribution to relationships between aerosol and cloud properties.

Several previous studies have investigated the impact of extratropical cyclones on cloud proper-
ties (e.g. [Field and Wood, 2007). Chapter [S| much of which has been published in (Grandey et al.
(2011), complements these previous studies by investigating the effect of extratropical cyclones on
aerosol properties over ocean. The following question was asked: What effect do extratropical cy-
clones have on column aerosol properties over ocean? In order to answer this question, extratropical
cyclones were tracked using European Centre for Medium Range Weather Forecasts (ECMWF) me-
teorological reanalysis (ERA-Interim) 850 hPa relative vorticity data. Storm-centric composites of
Aqua-MODIS Collection 5 and AATSR 7 and aerosol size parameters were produced for the North

Atlantic and the South Atlantic oceans.

It was found that 7 and aerosol size both increase near the centre of the composite extratropical
cyclones. Using composites of ECMWF ERA-Interim reanalysis data, it was demonstrated that
wind speed is a considerably more likely explanatory variable than relative humidity for the aerosol
observations. A comparison of composites for both MODIS and AATSR, the latter of which uses a
wind speed dependent sea-surface reflectance model in the aerosol retrieval, suggested that although
surface reflectance effects may contribute towards some of the observations, wind speed dependent
emission of sea salt also appears to make a significant contribution to the observed aerosol properties.
Further evidence in support of the suggestion that part of the enhancement in 7 is due to sea-salt

emission was provided by composites of MACC reanalysis-forecast sea-salt 7.

Satellite-retrieved 7 data were found to be higher in the North Atlantic ocean composites com-
pared to the South Atlantic ocean composites. By performing two ECHAMS-HAM simulations, one
with pre-industrial aerosol and precursor emissions and the other with present-day emissions, it was

demonstrated that the differences between the North Atlantic and the South Atlantic ocean 7 com-
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posites are primarily due to the presence of more anthropogenic aerosol in the Northern Hemisphere.

In Chapter [0] it was further shown that 7 generally increases with the relative vorticity of an
extratropical cyclone in addition to being dependent on position relative to the centre of the cyclone.
By comparing storm-centric composites of 7},, and f., it was shown that these cloud properties are
also partly dependent on relative vorticity and position in the storm domain. However, variability
in 7, Ti,, and f. within a given vorticity range was often larger than the average change in these
properties between weaker storms and stronger storms.

As mentioned above, previous studies have attempted to use local meteorological field variables
in order to identify spurious contributions to relationships between aerosol and cloud properties.
Chapter [6] proposed an alternative method of investigating a meteorological contribution: Can spu-
rious 7},,—7 and f.—7 relationships be explained by considering simply the relative vorticity of ex-
tratropical cyclones and position relative to the storm centre? This question was investigated by
shuffling the pairing of the aerosol and cloud data within narrow bins of vorticity for each position
in the storm-centric domain. Regression slopes and correlations were calculated for each position
both before and after shuffling. Although 7},, and 7 were both found to vary with storm vorticity,
no statistically robust relationship between 7,, and 7 was found for the shuffled storm-centric data.
However, a weak positive relationship between f. and 7 was found in the shuffled storm-centric data,
although the regression slope was found to be two orders of magnitude weaker than was found for
the non-shuffled data. This shows that the simplified description of the synoptics is capable of ex-
plaining spurious f.—7 relationships, although the spurious relationships explained are far smaller

than observed relationships.

Summary

This thesis has provided an overview of observed relationships between retrieved 7 and four cloud
properties: Ny, 7e, T}, and f.. Appropriate ways of quantifying and presenting the observed rela-
tionships have been considered. By comparing three different satellite datasets, areas of agreement
and disagreement have been identified, providing observational constraints on the relationships. For
example, it was shown that global estimates of cloud albedo effect radiative forcing over ocean may
vary by up to 40% depending on the satellite [V, dataset used.

Reasons for many of the observed relationships have been investigated. It was found that cli-
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matological spatial gradients of aerosol and cloud properties may have introduced methodological
errors to several published studies looking at aerosol-cloud interactions. These errors may lead to
global cloud albedo effect radiative forcing overestimates of up to 80%. Following this finding,

methodological improvements have been recommended and implemented in this thesis.

Strong positive relationships between f. and 7 were observed in all three satellite datasets over
land and ocean, with potentially major implications for climate. However, by combining reanalysis-
forecast 7 data with the satellite f,., it was demonstrated that approximately half of the positive f.—7
signal may be due to cloud contamination of the satellite-retrieved 7 data. By performing several
GCM simulations, it was further demonstrated that most of the remaining positive f.—7 signal can
probably be explained by covariation with relative humidity. Negative f.—7 relationships may also
arise due to scavenging of aerosols by precipitation. The cloud lifetime effect does not appear to be

the primary explanatory mechanism for observed f.—7 relationships.

A new method of investigating the contribution of meteorological covariation to observed rela-
tionships between aerosol and cloud properties has been introduced. The variation of aerosol and
cloud properties with a simplified description of the large-scale synoptics of extratropical cyclones
has been investigated. Extratropical cyclones have been shown to affect retrieved 7 and aerosol
size, with a large part of this signal likely arising due to enhanced emission of sea-salt in regions of
higher wind speed. They have also been shown to affect 7},, and f.. A simplified description of
extratropical cyclones, based on storm relative vorticity and position in the storm domain, produced
no statistically robust explanation for 7},,—7 relationships. However, this simplified description of
extratropical cyclones was found to explain spurious f.—7 relationships, although the spurious rela-

tionships explained are far smaller than observed relationships.

The work presented in this thesis has improved our understanding of the reasons for observed
relationships between aerosol and cloud properties. Improved methodologies have been suggested
and implemented, contributing to the investigation of aerosol—cloud interactions and their role within

the climate system.
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7.2 Future work

Much work remains to be done in order to improve our understanding of aerosol-cloud—climate
interactions. Following ideas introduced in this thesis, four potential avenues for further research are

mentioned below.

Satellite data

The differences between different satellite datasets demonstrate the lack of reliability of many re-
trieved cloud and aerosol properties. Much work remains to be done in the development of physi-
cally consistent and reliable retrievals of cloud properties from satellite data. Of particular relevance
is the consideration of three-dimensional light scattering effects. Future satellite missions should be

carefully designed alongside more advanced retrieval considerations.

Reanalysis aerosol data

Reanalysis-forecast 7 data were combined with satellite-retrieved f. data in Chapter 4 in an attempt
to account for satellite retrieval errors such as cloud contamination of 7. As mentioned, residual cloud
contamination may remain due to assimilation, and model errors might also be introduced. It would
be expected that residual cloud contamination would decrease and model errors would increase for
later forecast time-steps, when more time has passed since assimilation. It would be interesting to
test the sensitivity of the f.—7 relationships to the choice of forecast time-step. It would also be
interesting to apply this approach to relationships between other cloud properties and 7.

The availability of increasingly reliable aerosol reanalysis data would be highly beneficial for
future studies. Further development of aerosol models and assimilation of observations is an im-
portant area. In addition to the ideal of providing aerosol data that are hopefully not affected by
cloud contamination, the aerosol fields in reanalysis data are continuous, allowing co-location of
aerosol properties with satellite-retrieved cloud properties even when there are no retrieved aerosol

data available.

General circulation models

The ECHAMS5-HAM GCM proved to be a useful hypothesis testing tool in Chapter (4} allowing the

reasons for the observed f.—7 relationships to be investigated in greater detail than would have been
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possible with observations only. Many more interesting results may be found through the creative
use of GCMs alongside observational datasets.

The use of more than one satellite dataset in Chapters [3] and [5] provided an indication of the
reliability of the observations. It would be interesting to repeat the GCM modelling parts of Chapter ]
with another GCM, in order to test whether the given explanations for the ECHAMS-GCM behaviour
apply more widely.

The development of improved representations of aerosols and clouds in GCMs would be very use-
ful for studies investigating global aerosol—cloud interactions. Of course, improvements here would

also help with improving projections of future climate, which depend heavily on GCM simulations.

Consideration of large-scale synoptic systems

As an alternative to using local meteorological field variables to account for spurious relationships
between aerosol and cloud properties, Chapter [6]introduced the possibility of considering large-scale
synoptic systems instead. The approach used, whereby data were categorised according to position
in the storm-centric domain and storm vorticity, proved to be partially successful. A combination
of the storm-centric and local meteorological variable approaches might be more fruitful than either
approach taken in isolation. Cloud and aerosol data could be categorised by position in the storm-

centric domain and a local meteorological variable, providing a basis for future work.
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Appendix A
Introduction

A.0.1 Adiabatic liquid cloud droplet number concentration

This appendix complements Chapter |1} A simplified derivation of Equation (1.7 is provided below.
Constants, which have mostly been omitted from this derivation, can be found in [Brenguier et al.
(2000) and |Quaas et al.|(2006). A discussion of the assumptions is provided in Section[I.2.5]
Following Brenguier et al.| (2000), the liquid water content in an adiabatically rising parcel in-
creases linearly with height above cloud base (h). If the liquid cloud droplet number concentration

(INy) is constant, then the total volume (V;,;) of the droplets will also increase linearly with h:
Viot(h) o< h. (A.1)

This volume growth is distributed among the droplets, causing the mean volume radius (r,) to in-

creasc:

o 1 1
ro(h) = (—fo ! ”(r>dr) o hi N, &, (A.2)
Nq4

In order to find an expression for liquid cloud droplet effective radius (r.), it is assumed that r, =
B ry, with the constant of proportionality (/) being calculated from in situ measurements (Martin
et al., [1994). Hence,

re(h) o< Bh3 N % (A.3)
At the top of the cloud, r. will be given by

re(H) oc B H35 N, °. (A.4)

143



144 APPENDIX A. INTRODUCTION

Extinction (k.,;) of short-wave radiation is proportional to the droplet surface area (Hansen and
Travis|, [1974):
Eeat o 72 Ny (A.5)

where r, is the mean surface radius,

. (fooo r?n(r) dr)2 . (A6)

3
re= L. (A7)
/rS
Hence, using Equations[A.2]and [A.3]
1.1 1
rs(h) < B2 h3 N, 3. (A.8)
Therefore, substituting into Equation[A.5]
2 1
kewt(h) o< B N3 (A.9)

The cloud optical depth (7.) can be found by integrating this over the depth of the cloud:

H H
7= / Fowe(B) dh o / B8R3N dh o BHS N, 7. (A.10)
0 0

Eliminating A in Equations and gives the adiabatic approximation for /N, in terms of
cloud-top r. and 7.:

Nyox 8212775, (A.11)

From the first assumption that liquid water content increases linearly with h, the liquid water path

(w) can be found by integrating over the depth:

H
woc/ hdh < H. (A.12)
0
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Substituting this into Equation[A.4] adiabatic [V; can then be written in terms of cloud top r. and w:

Ny BPw?r, 5, (A.13)






Appendix B

A critical look at spatial scale choices in

aerosol indirect effect studies

When calculating the sensitivities shown in Section [2.2] no single-layer-only cloud constraint was
applied, a decision which has the potential to impact the results. The decision to use one-sigma error
weighting also has the potential to impact the results through the introduction of a sampling bias.
When calculating errors, it was assumed that data for different grid boxes and days are independent.
The discussion below briefly discusses the implications of these three decisions, focusing on the Ny
sensitivities. It is found that the N, results are relatively robust with respect to these decisions. It is

likely that the same would apply to the 7, results.

B.0.2 The effect of not applying a single-layer cloud constraint

The N, and 7. results presented in Section [2.2]and the first row of Figure are for all liquid clouds
(i.e. no single-layer cloud constraint has been applied). For comparison, the annual mean 60° x 60°
Ny sensitivities shown in the second row of Figure[B.T|use N, values calculated from the single-layer
cloud histogram. As can be seen by comparison of the first and second rows, although some of the
details may change, the application of a single-layer constraint does not appear to have a significant

effect here. In particular, the general global picture of by, |r—bn,|c changes little.
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B.0.3 The effect of one-sigma error weighting

Weighting by the one-sigma error when calculating by, | for regions larger than 1° x 1° and multi-
season means of both by,|¢ and by,|r has the potential to introduce a bias towards regions and
seasons with a low one-sigma error. In order to demonstrate that this potential problem does not
appear to be the major contributor to the region and grid method differences discussed in this thesis,
the third row of Figure shows annual mean 60° x 60° IV, sensitivities calculated with no error
weighting. As can be seen by comparison of the first and third rows of Figure the overall global

picture remains similar.

B.0.4 The assumption of data independence

When calculating errors for the insignifance masks, it was assumed that data for different grid boxes
and days are independent. This assumption may not be valid, because cloud and aerosol properties
may often have significant autocorrelations at spatial scales greater than one degree and temporal
scales longer than one day (e.g. Anderson et al., 2003)). Due to this assumption of independence, the
one-sigma errors calculated in this study may be too small.

In order to test the robustness of some of the results presented in Section [2.2]to the possibility of
data dependence, let us consider a situation where only 2—15 of our data may be truly independent. This
will result in a scaling of the independence-assumed errors by a factor of v/25 = 5. When testing
for insignificance, a two-sigma mask on the new errors would therefore correspond to a ten-sigma
mask on the old independence-assumed errors, as shown in the final row of Figure Comparison
of the final rows of Figs.[2.2]and [B.T|shows that the possibility of data dependence may increase the
number of regions where by, |r—bn,|c is insignificant. However, by, |r —bn,|c remains significant

for the majority of regions.
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byelr —bnela

All liquid
clouds;
error weighted;
no insignificance
mask

Single-layer
clouds only;
error weighted;
no insignificance
mask

All liquid
clouds;
unweighted;
no insignificance
mask

All liquid
clouds;
error weighted;
ten-sigma
insignificance
mask

-0.1 0.0 0.1 0.2 0.3 0.4

Figure B.1: Annual mean sensitivity of Terra-MODIS Collection 5 Ny to 7, for regions of size 60° x 60°.
The first column shows the results for the region-method; the second column is for the grid-method; the third
column is the difference between the region-method and grid-method sensitivities. The first row shows the
results for when the single-layer cloud constraint is not applied to the calculation of N; and for when one-sigma
error weighting is used to combine sensitivities for 1° x 1° grid boxes to 60° x 60° regions (grid-method) and
sensitivities for individual seasons to annual means (both methods), like the by, results shown in Figure @
the second row shows the results for when the single-layer cloud contraint is applied to the calculation of N ;
the third row shows the results for when error weighting is not used; the fourth row shows the results for when
a ten-sigma insignifcance mask is applied. No insignificance mask has been applied to the first three rows.






Appendix C

The effect of extratropical cyclones on

column aerosol properties over ocean

The figures in this appendix supplement the results and discussion of Chapter [5
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Figure C.1: Scatter plots of storm-centric composited Aqua-MODIS aerosol optical depth (7) and fine-mode
fraction (7)) against wind speed (u) and relative humidity (RH) for the North Atlantic and South Atlantic
oceans. Pattern correlation coefficients (), linear regression slopes (b) and intercepts are provided above each
scatter plot. Pattern correlation coefficients between u, RH and mean sea level pressure (pg) are provided at
the right-hand side.
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Figure C.2: Similar to Figure but for GlobAEROSOL AATSR aerosol optical depth (7) and Angstrom

exponent ().
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Figure C.3: Wind speed (u) fitted linear model of predicted aerosol optical depth (7) and fine-mode fraction
(1) based on the coefficients in Table S.T|for Aqua-MODIS.



NA

SA

Meridional displacement (km)

Meridional displacement (km)

2000<Al.<l..|».|A.I.AI..l~»

1000 [~

-1000

-2000
-2

-2000

,
L= = LA S LAY S

N
S

IR R

IR

000 -1000 0
Zonal displacement (km)
(a) Mean 7(s) = 0.167

o (d) Mean 7(s) = 0.110

All-conditions 7(u)

dEENT T T
0.05 0.10 0.15 0.20 0.25

1000 2000 -2000

-1000 ©
Zonal displacement (km)

(b) Mean 7(s) = 0.168
(e) Mean 7(s) = 0.111

Storm-centric 7(u)

0.05 0.10 0.15 0.20 0.25

1000 2000 -2000

:1000 1)
Zonal displacement (km)
(c) Mean «(s) = 0.459

1000 2000

155

— 10 m/s

(f) Mean «(s) = 0.404

Storm-centric a(u)

dENT T T
0.2 0.4 0.6 0.8 1.0

Figure C.4: Similar to Figure but for predicted aerosol optical depth (7) and Angstrém exponent (c) for
GlobAerosol AATSR.






Appendix D

The contribution of extratropical cyclones to

observed aerosol—cloud relationships

The figures in this appendix supplement the results and discussion of Chapter [6]
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Figure D.1: Same as Figure but for Aqua-MODIS cloud top temperature (7}, K) over the South Atlantic
ocean.
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Figure D.2: Same as Figure but for Aqua-MODIS cloud fraction (f..) over the South Atlantic ocean.
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